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The endoplasmic reticulum (ER) is an organelle that can be found throughout the 
axon, dendrites and synapses of neurons and it is known to regulate synaptic 
function and plasticity, primarily through Ca
2+
 release from the ER. However, it is 
unknown if the ER can directly communicate with the synapse and instruct 
specific synaptic modifications through mechanisms other than ER Ca
2+
 release.  
Stromal Interaction Molecules (STIMs), STIM1 and STIM2, are ER-resident 
transmembrane Ca
2+
 sensors that mediate Store-Operated Ca
2+
 Entry (SOCE) in 
non-excitable cells. Here, STIM2 was identified to be an important organizer of 
excitatory synapses in the brain. STIM2 but not STIM1, was shown to regulate 
the formation of dendritic spines and shape spontaneous synaptic transmission in 
excitatory neurons. Furthermore, STIM2 can translocate into puncta in dendrites 
and dendritic spines in response to cyclic adenosine monophosphate (cAMP) 
elevation, and mediates protein kinase A (PKA)-dependent phosphorylation of the 
GluA1 subunit of the AMPA receptor. This phosphorylation event is mediated by 
local assembly of a STIM2-AKAP79/150-PKA complex that promotes AMPA 
receptor surface delivery through opposing effects on GluA1 exocytosis and 
endocytosis, thus regulating activity-dependent surface delivery of the AMPA 
receptor. Collectively, this study suggests a novel mechanism of synaptic 
plasticity in which the ER communicates with the synapse through dynamic 
assembly of a PKA signaling complex at ER-PM contact sites.  
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This thesis explores the interaction of the endoplasmic reticulum (ER) with 
excitatory synapses in the mammalian nervous system and focuses, in particular, 
on the role of the ER-resident STIM2 protein on synapse formation, structure and 
function.  The following introduction presents an overview on synaptic plasticity 
and its relationship with ER signaling, with emphasis on the biology of the STIM 
proteins.   
 
1.1 Synapse  
Synapses are highly specialized structures that allow one neuron to pass an 
electrical or chemical signal to another neuron (Purves et al., 2001). The human 
brain consists of approximately 100 billion neurons with each neuron making an 
estimate of  about 1000 to 10,000 synaptic connections with other nerve cells 
depending on the part of the brain (Brewer et al., 2009).  
 
Synapses can be classified into two types, electrical and chemical. Electrical 
synapses are made up of a gap junction at a distance of about 3.5nm of each other 
between the pre and postsynaptic neuron, where there is a direct mechanical and 
electrical conductive link between the two neurons (Figure 1) (O'Brien, 2014; 
Pereda, 2014; Purves et al., 2001). Thus electrical changes in the presynaptic 
neuron can directly induce a bidirectional electrical change in the postsynaptic 
neuron. When the presynaptic action potential propagates to the postsynaptic 
neuron, the resting membrane potential of the postsynaptic neuron is able to 
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simultaneously propagate back to the presynaptic neuron (Pereda, 2014).  Fast 
responses such as defensive reflexes are often made up of electrical synapses as 
they conduct nerve impulses faster than chemical synapses (O'Brien, 2014; 
Pereda, 2014; Purves et al., 2001).  
 
In chemical synapses, the distance between the pre and postsynaptic neuron is 
known as the synaptic cleft, which is about 20 to 40nm (Figure1) (Pereda, 2014; 
Purves et al., 2001). Depolarisation of the presynaptic neuron causes the release 
of neurotransmitters from the presynaptic terminal into the synaptic cleft, which 
will then diffuse and bind receptors on the postsynaptic terminal. The binding of 
the neurotransmitter can trigger a cascade of events and have complex effects on 
the postsynaptic neuron. The remaining neurotransmitter is then cleared by either 
reuptake by the presynaptic cell, and then repackaged for future release, or broken 
down enzymatically (Purves et al., 2001). Chemical synapses are classified based 
on the type of neurotransmitters they release and can co-exist with electrical 







1.1.1 Synaptic plasticity  
Synaptic plasticity is defined as the ability of synapses to change their strength or 
conductance in response to a broad range of stimuli. Both electrical and chemical 
synapses have been observed to be constantly changing in response to stimuli, 
although the changes at a chemical synapse are more complex and better studied 
(O'Brien, 2014; Pereda, 2014). Plasticity at chemical synapses can be achieved by 
both pre- and postsynaptic mechanisms. These include activity-dependent 
changes in the number and activity of postsynaptic ionotropic receptors, 
Figure 1. Differences between chemical and electrical synapses. Electrical 
synapse is mediated by clusters of intercellular channels called gap junctions that 
connect the interior of two adjacent neurons which directly enable the bidirectional 
passage of electrical currents. Chemical synapses are classified according to the 
neurotransmitters released at the presynaptic site. Complex molecular machinery is 
required at both the presynaptic terminal for the release of neurotransmitter, and at 
postsynaptic terminals to detect and translate the presynaptic message 
(neurotransmitters) into various postsynaptic events. Electrical synapses are 
mediated by intracellular channels called gap junctions, which connect the interior 
of two adjacent neurons.  This enables direct bidirectional passage of electrical 






modification in synapse structure and size, or changes the amount of 
neurotransmitters released pre-synaptically. In addition, neuronal plasticity can 
also occur by the addition or removal of synapses. In electrical synapses, 
adjustments in conductance can be achieved by changes in the expression levels 
of gap junction proteins (O'Brien, 2014).   
 
Synaptic plasticity at chemical synapses has been linked to learning and memory 
(Martin et al., 2000; Martin and Morris, 2002; Purves et al., 2001). Donald O. 
Hebb first proposed a mechanism in which synaptic connections can become 
stronger with repeated and persistent presynaptic stimulation of the postsynaptic 
neuron (Hebb, 1949). This is known as Hebbs’ rule and is one of the first 
proposed models that link synaptic plasticity to learning and memory formation. 
Synapses are strengthened and reinforced when both the pre and postsynaptic 
terminals are persistently activated at the same time and the strengthened synapse 
is thought to be responsible for learning or storing new memories (Purves et al., 
2001).  
 
The most widely accepted experimental model to support the association between 
synaptic plasticity and learning and memory is long term potentiation (LTP) and 
depression (LTD). LTP was first discovered in the hippocampus of the adult 
rabbit (Lomo, 1966; Lømo, 2003), a structure in the brain that is important for the 
formation and storage of memories  (Purves et al., 2001). When the presynaptic 
fibers of the perforant pathway were exposed to brief high frequency stimulations 
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(∼ 100 Hz), a long-lasting increase in the strength of synaptic transmission is 
observed from the postsynaptic cells of the dentate gyrus and this is known as 
LTP (Lomo, 1966; Lømo, 2003). On the other hand, when neurons are exposed to 
prolonged low frequency (∼ 1 Hz) stimulation, a persistent reduction in synaptic 
transmission is observed and this is known as LTD (Bear and Malenka, 1994; 
Bliss and Collingridge, 1993; Nicoll and Malenka, 1999).  
 
LTP and LTD have been proposed to be the neural substrate of learning and 
memory (Barnes, 1995; McGaugh, 2000; Purves et al., 2001; Stevens, 1998; 
Stuchlik, 2014), although causal evidence for a role of LTP/LTD in 
learning/memory has been difficult to establish. A recent study has, however, 
provided further support for a role of LTP in fear conditioning, a form of 
conditioned learning in which a mouse learns to associate a neutral stimulus such 
as a tone to an aversive stimulus, in the form of an electric foot shock. In this 
recent study, the tone was replaced with optogenetic stimulation of the auditory 
neural inputs to the amygdala, a brain region known to be essential for fear 
conditioning (Nabavi et al., 2014). Optogenetic stimulation triggering LTP in the 
amygdala was sufficient to induce a fear response after the rat was conditioned to 
associate the foot shock with optogenetic stimulation of the auditory inputs. On 
the other hand, optogenetic stimulation triggering LTD is able to inactivate the 
memory  (Nabavi et al., 2014). This study suggests that LTP is used to create a 
memory, such as fear conditioning and that LTD can be used to inactivate the 
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memory, further strengthening the notion that LTP and LTD is important for 
learning and memory.  
 
1.2 Dendritic spines 
The postsynaptic terminals of excitatory synapses are structures known as 
dendritic spines. Dendritic spines are small membrane protrusions from neuronal 
surfaces such as the soma, dendrites or even axon hillock (Bosch and Hayashi, 
2012; Nimchinsky et al., 2002). Most excitatory synapses (more than 90%) 
terminate on dendritic spines in the brain (Nimchinsky et al., 2002) although 
sometimes inhibitory connections can be made onto the same spine head (Higley, 
2014; Katona et al., 1999). Dendritic spines can be found on most principal 
neurons in the brain, such as the pyramidal neurons of the neocortex, the medium 
spiny neurons of the striatum, and the Purkinje cells of the cerebellum 
(Nimchinsky et al., 2002). The excitatory pyramidal neurons of the hippocampus, 
are one of the main type of neurons in the densely packed hippocampus that are 
lined with dendritic spines on the dendrites (Nimchinsky et al., 2002; Purves et 
al., 2001). Different neurons have different dendritic spines densities and 
development, and the organelles and receptor compositions in a dendritic spines 
are also different  (Nimchinsky et al., 2002). However, not all neurons have 
dendritic spines. For example, γ-aminobutyric acid (GABA) ergic interneurons 




The importance of synapses are seen in many neuropsychiatric diseases and 
neurological disorders such as mental retardation, autism spectrum disorders, and 
schizophrenia where synapse structure and function are altered (Van Spronsen 
and Hoogenraad, 2010). Importantly, abnormal spine structures and spine loss 
have been observed in various neurological disorders, such as fragile X syndrome, 
Rett’s syndrome, Down syndrome, schizophrenia and Alzheimer’s disease (Knafo 
et al., 2012; Penzes et al., 2011; van Spronsen and Hoogenraad).  
 
1.2.1 Dendritic spine morphology, formation and maturation  





, connected to the neuron by a thin spine neck, with a diameter 
less than 0.1 µm. Based on their shape, dendritic spines can be classified into 
three main categories: “thin", "stubby" and "mushroom" (Figure 2). Mushroom 
spines have a large spine head with a narrow neck. Stubby spines do not have an 
obvious neck and thin spines have a small spine head with a narrow neck 
(Nimchinsky et al., 2002). Another category, the filopodium, has been used to 
classify dendritic protrusions that have hair like morphology. It is believed that in 
a developing neuron, a filopodium is first formed, which dynamically samples the 
environment in search for presynaptic targets (Richards et al., 2005). Once a 
contact with a presynaptic terminal is formed, the filopodium then retracts and 
becomes a dendritic spine (Sorra and Harris, 2000). It has been proposed that in 
the absence of activity, there is no formation of new dendritic spines and existing 
ones can disappear or be converted into thin filopodia in pyramidal neurons of the 
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hippocampus (Segal, 2010). Dendritic spines on the Purkinje neurons on the other 
hand, can form in the absence of presynaptic input (Yuste and Bonhoeffer, 2004), 
suggesting that the requirements and the process of forming a dendritic spine are 
different on different type of neurons.    
 
In general, dendritic spines with a larger spine head such as the mushroom spine 
are considered to be mature and the maturity of a dendritic spine is dependent on 
the organelles and receptors present. Most mature dendritic spines in the 
pyramidal neurons of the CA1 region in the hippocampus have a well-defined 
spine apparatus, which is made up of cisternae of smooth endoplasmic reticulum 
(SER) for calcium handling (Korkotian and Segal, 2011; Segal and Korkotian, 
2014; Segal et al., 2010).  In addition, dendritic spines require α-amino-3-
hydroxy-5-methyl-4-isoxazoleproprionate receptors (AMPARs) to be synaptically 
inserted in order for dendritic spines to expand and mature (Kopec et al., 2006; 
Korkotian and Segal, 2007). The importance of AMPARs for dendritic spine 
maturation is observed when chronic blockage of AMPARs with 6-nitro-7-
sulphamoylbenzol[f]quinoxaline-2,3-dione (NBQX) led to disappearance of 
dendritic spines (Mateos et al., 2007). Large dendritic spine heads are also 
correlated to strong synapses and changes in spine size can affect synaptic 
strength and amplitude of both miniature and evoked synaptic currents 





1.2.2 Proposed functions of dendritic spines 
There are several proposed functions of dendritic spines. First, they are thought to 
increase synaptic connectivity with as many axons as possible during 
development (Yuste, 2011).  For example, CA3 neurons send their axons to the 
dendrites of CA1 neurons in the hippocampus. The axons of CA3 are almost sent 
in a straight manner over to the extending dendrites of the CA1 neurons (Yuste, 
2011). To form as many synaptic connections as possible, dendrites branch out as 
wide as possible and having dendritic spines increases the surface area and chance 
of forming a synapse. In addition, dendritic spines are highly dynamic and  
motile, which can aid in looking for axonal terminals (Konur and Yuste, 2004) 
 
Second, dendritic spines allow the linear integration of inputs without affecting 
other dendritic spines. For example, not all postsynaptic dendritic spines are 
activated at the same time and/or with the same intensity. The neuron has to 
Figure 2. Morphology of different types of dendritic spines. The 3 types of 
dendritic spines that can be found on an excitatory neuron; mushroom, stubby and 
thin dendritic spines. All 3 morphology differs in the area of the spine head and the 
neck diameter. Mushroom spines are thought to be considered matured while thin 
spines are considered to be immature. Filopodium are considered to be precursors 




receive all the inputs from all the dendritic spines and integrate the inputs in a 
manner where the signals do not interfere with each other. This can be achieved 
with the electrical isolation of a narrow spine neck, which serves as a barrier that 
protects the dendrites from the dendritic spine open conductance (Yuste, 2011).  
 
Third, dendritic spines are highly plastic and their number, size and shape can 
rapidly change in response to experience or synaptic stimulation (Yuste, 2011). 
Spine morphology is intimately linked to synapse function – small spines support 
reduced synaptic transmission, while long-term potentiation (LTP), a form of 
long-lasting increase in synaptic strength causes enlargement of spine heads 
(Matsuzaki et al., 2004a). 
 
1.3 AMPARs and synaptic plasticity 
AMPARs are one of the main ionotropic glutamate receptors that mediate the 
majority of fast excitatory neurotransmission in the brain (Huganir and Nicoll, 
2013a) and they have been linked to the size and maturity of dendritic spines 
(Hanley, 2008; Hering and Sheng, 2001; Matsuzaki et al., 2001). AMPARs 
consist of 4 subunits (GluA1-4) which assemble in different combinations of 
dimer-of-dimers to form tetrameric ion channels with distinct functional 
properties (Figure 3) (Greger et al.; Madden, 2002; Mayer, 2005; Shepherd and 
Huganir, 2007). They are given the name AMPA receptors because of their 
selectivity for AMPA (Honoré et al., 1982). The binding of glutamate or AMPA 
to AMPARs results in opening of the channel and influx of Na
+
, which causes the 
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neuron to depolarize.  AMPARs containing the GluA2 subunit are impermeable to 
Ca
2+
. This is due to the RNA editing of the GluA2 mRNA (Wright and Vissel, 
2012; Yamashita and Kwak, 2014), which involves post-transcriptional 
modification of a codon originally encoding Glutamine at position 607. 
Specifically, RNA editing converts Adenosine to Inosine in the critical codon, 
resulting in the replacement of the uncharged amino acid glutamine (Q) with the 
positively charged arginine (R) (Wright and Vissel, 2012; Yamashita and Kwak, 
2014), making it energetically unfavorable for Ca
2+
 to pass through the ion 
channel containing GluA2 subunit. Ca
2+
 impermeable AMPARs are thought to 




All 4 subunits of the AMPAR can be phosphorylated on their intracellular 
carboxy terminal tails. Phosphorylation in the C-terminal domain can occur on 
several different sites and regulates various aspects of AMPAR function, 
including trafficking and channel properties (Song and Huganir, 2002). GluA1 
Figure 3. Structure of AMPA receptors (AMPARs). Individual subunits are 
made up of four transmembrane domains and the AMPAR consists of four 
subunits, which is assembled in different combinations of dimer-of-dimers to form 
tetrameric ion channels. The dimers are usually two different subunits, such as 
GluR1 and -2 or GluR2 and -3. Adapted from Shepherd, J.D., and Huganir, R.L. 




has an unusually long C-terminal cytoplasmic tail, which is primarily 
phosphorylated on two Serine residues, pSer831 and pSer845. These two 
phosphorylation events have been extensively studied and regulate activity-
dependent changes in synaptic localization and channel properties of GluA1-
containing AMPARs (Banke et al., 2000; Derkach et al., 1999; Esteban et al., 
2003). 
 
Both S831 and S845 residues have been implicated in trafficking of AMPARs, 
LTP, LTD and spatial memory (Esteban et al., 2003; Huganir and Nicoll, 2013b; 
Kessels and Malinow, 2009; Lee et al., 2010a; Lee et al., 2003; Makino et al., 
2011). In knock-in mice with mutations to both the GluA1 phosphorylation sites 
(S831A and S845A mutants), LTP was moderately reduced but still present, 
suggesting that both sites are not critical for LTP but for stabilizing LTP (Lee et 
al., 2003). In contrast, knock-in mutant mice with either S831A or S845A 
mutation still have normal LTP, suggesting that phosphorylation of either site is 
sufficient to maintain stable LTP (Lee et al., 2010a). In addition, only LTD is 
impaired in S845A mice, but not S831A mice, which suggests that S845 is 
important for LTD (Lee et al., 2010a).  
 
The phosphorylation of GluA1 S831 is dependent on protein kinase C (PKC) and 
also CaMKII, which are both calcium-dependent kinases. The role of GluA1 S831 
in LTP is unclear but persistent increase in S831 phosphorylation has been 
observed following LTP (Barria et al., 1997; Lee et al., 2000b). The 
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phosphorylation of Ser831 can also directly affect the channel properties of the 
AMPAR (Derkach et al., 1999) and has been  thought to mediate the observed 
increase in AMPAR conductance following LTP (Benke et al., 1998; Luthi et al., 
2004; Poncer et al., 2002).  
 
In contrast, the phosphorylation of GluA1 S845 is mediated by protein kinase A 
(PKA), which is a cAMP dependent kinase. Phosphorylation ofS845 at the 
synapse  requires A-kinase anchoring protein 79/150 (AKAP79 in humans and 
AKAP150 in rodents) (Tavalin et al., 2002), which brings PKA in close proximity 
to GluA1 by binding to synapse associated protein 97 (SAP 97) (Colledge et al., 
2000). SAP97 is a PSD scaffold that is known to interact with an ER pool of  
GluA1 early in the biosynthetic pathway (Sans et al., 2001) and also co-localize 
with GluA1 at postsynaptic sites (Valtschanoff et al., 2000). Phosphorylation of 
Ser845 has been shown to increase channel open probability (Banke et al., 2000) 
and promotes synaptic incorporation of GluA1 (Esteban et al., 2003), through 
mechanisms that are not completely understood. Synaptic recruitment of 
AMPARs correlates with increase in synaptic efficacy and enlargement of 
dendritic spines (Harris et al., 1992; Matsuzaki et al., 2004a; Nusser et al., 1998). 
The signaling mechanisms that coordinate synaptic levels of AMPARs with spine 
size are presumably key for the expression of synaptic plasticity, but remain 






1.3.1 AMPARs trafficking  
The addition and removal of AMPARs at postsynaptic sites is important for the 
expression of LTP and LTD (Huganir and Nicoll, 2013b; Kessels and Malinow, 
2009). AMPARs are mostly concentrated at excitatory synapses (Craig et al., 
1993) and there is recruitment of GluA1 to dendritic spines after LTP induction, 
which correlates with synaptic strengthening (Hayashi et al., 2000; Shi et al., 
1999) and this activity-dependent strengthening of the synapse is dependent on 
GluA1 (Kessels and Malinow, 2009). In contrast, studies have shown that there is 
rapid endocytosis of AMPARs from the plasma membrane of synapses when 
neurons are subjected to chemically induced LTD using glutamate or NMDA 
(Beattie et al., 2000; Carroll et al., 1999; Ehlers, 2000b). The main mechanism to 
remove GluA1 containing AMPARs is through dephosphorylation of GluA1 at 
S831 and S845 with phosphatases (Kameyama et al., 1998; Lee et al., 2000a; 
Mulkey et al., 1993). 
 
Other than trafficking of AMPARs at the synapse, AMPARs have also been 
discovered to be mobile at extrasynaptic sites and can enter synapses. (Borgdorff 
and Choquet, 2002; Opazo and Choquet, 2011). In addition to trafficking of 
AMPARs at extrasynaptic sites, AMPARS can also laterally diffuse in and out of 
synapses to regulate the amount of AMPARs at the synapse (Opazo and Choquet, 
2011). Using Fluorescent Recovery After Photobleaching to monitor superecliptic 
pHluorin-tagged GluA1, a pH sensitive form of GFP which preferentially labels 
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AMPARs expressed on the cell surface, AMPARs have also been shown to be 
recruited to synapses through lateral diffusion from extrasynaptic sites during 
LTP (Makino and Malinow, 2009).  
 
1.4 Calcium and synaptic plasticity 
Calcium is a ubiquitous second messenger that regulates a broad range of 
neuronal functions including  neurite outgrowth, axon pathfinding (Gomez and 
Zheng, 2006; Wen et al., 2004), and gene expression (Tabuchi, 2008). Calcium 
has been shown to be an essential trigger for the expression of synaptic plasticity, 
LTP and LTD.  (Baker et al., 2013; Mizuno et al., 2001; Rose and Konnerth, 
2001).  
 
The basal concentration of cytosolic Ca
2+
 is ~10,000 fold below that of the 
endoplasmic reticulum (ER) concentration, while the extracellular environment 
can contain 5-10 times more Ca
2+
 than the ER (Meldolesi and Pozzan). The influx 
of Ca
2+ 
into the cytosol can come from both extracellular and intracellular 
sources. Upon stimulation with neurotransmitters (Figure 4), the main rise in 
postsynaptic cytosolic calcium that is critical for LTP in excitatory neurons, is 
through the entry of Ca
2+
 via the ionotropic glutamate receptor, N-Methyl-D-
aspartate receptors (NMDARs) (Horak et al., 2014).  Ca
2+
 can also enter into the 
cytosol and dendritic spines of neurons through (i) voltage-gated Ca
2+
 channels 
(VGCCs) (Nishiyama et al., 2003), (ii) GluA2-lacking AMPARs, (iii) transient 
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receptor potential channels (Wang and Poo, 2005), (iv) as well as Ca
2+
 
mobilization  from internal ER stores.  
 
There are two main ways in which Ca
2+





release (CICR) (Emptage et al., 2001) and the second is 
through production of inositol-1,4,5-trisphosphate (IP3) acting on inositol-1,4,5-
trisphosphate receptors ( IP3Rs) (Baker et al., 2013; Tang and Kalil, 2005). CICR 
is known to be dependent on ryanodine receptors (RyRs) and is activated in 
neurons mainly through influx of Ca
2+
 from VGCCs at the plasma membrane 
(Berrout and Isokawa, 2009; Chavis et al., 1996; Tully and Treistman, 2004). In 
contrast, ER Ca
2+
 release through neuronal IP3R is triggered mainly by 
metabotropic or cholinergic inputs (de Sevilla et al., 2008; Power and Sah, 2007). 
The local intracellular Ca
2+
 stores from the ER at a synapse can help to amplify 
Ca
2+
 signals from the channels at the plasma membrane via a positive feedback 
mechanism (Horne and Meyer, 1997; Taylor, 1998; Verkhratsky and Shmigol, 
1996). As a result of this local amplification,  a global Ca
2+
 wave can travel  from 
the synapse to the dendrite and cell body (Baker et al., 2013).  
 
Another possible mechanism to increase cytosolic levels of Ca
2+
 in the cell body 
and synapse of neurons is through store-operated calcium entry (SOCE) (Baba et 
al., 2003; Bouron, 2000; Emptage et al., 2001). SOCE is activated when ER Ca
2+
 
stores are depleted due to CICR and/or IP3Rs receptors. As a result of the ER 
depletion, a sustained phase of Ca
2+ 
entry occurs across the plasma membrane 
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(PM) through the opening of specialized store operated Ca
2+
 channels (SOC) 




1.5 ER and synaptic plasticity 
The ER has been shown to be critical for regulating structural and functional 
changes in neural circuits in both the developing and adult nervous systems 
through ER calcium stores (Bardo et al., 2006; Mattson et al., 2000) and also the 
transport of synaptic components such as NMDARs in the biosynthetic pathway 
(Horak et al., 2014). The ER has also been linked to pathological synaptic defects 
(Salminen et al., 2009) and  abnormal ER Ca
2+ 
and protein homeostasis have been 
implicated in several major neurodegenerative disorders, including Alzheimer's 
and Parkinson's disease (Mattson et al., 2000). Despite the importance of the ER 
Figure 4. Mechanisms in which calcium can enter the dendritic spines and 
dendrites after depolarization. Synaptic activation depolarizes the synapse 
through AMPARs. This enhances the conductance of NMDARs and activates 
voltage sensitive calcium channels (VSCCs) or also known as voltage gated 





 release from internal stores such as the smooth endoplasmic 
reticulum (SER) can also increase the Ca
2+
 levels in the dendritic shaft and 
dendritic spines. The membrane potential is regulated by the influx of Na+ and K+ 
through sodium and potassium channels (not shown). Adapted from Higley, M. J. 




in both physiological and pathological synaptic functions, surprisingly little is 
known about how and this organelle communicates with synapses.  
 
The ER is a vast continuous dynamic network of sheets and tubular membranes 
that connect the soma to the neuron's dendritic and axonal arbors, and protrudes 
into large dendritic spines (Bourne and Harris, 2012). Thus, the organization of 
the ER is particularly suited to process synaptic inputs locally and to integrate 
information over long distances. In addition, a recent study has shown that 
increased ER complexity occurs at dendritic branch points and can define sites of 
dendritic morphogenesis through confinement of membrane cargo in the ER (Cui-
Wang et al., 2012) and also possibly by regulating trafficking of newly-
synthesized post-synaptic components to dendritic spines (Valenzuela et al., 
2011). 
 
The SER in dendritic spine are unique calcium compartments that can raise Ca
2+
 
levels locally, without affecting the neighboring dendritic compartment or the 
dendrite. This allows the neuron to restrict Ca
2+
 transient to activated synapses 
and thus protects the neuron from uncontrolled rise in intracellular Ca
2+
. The 
ability of the ER to release Ca
2+
 in response to synaptic or other signaling inputs 
is one important mechanism by which this organelle fine-tunes synaptic Ca
2+
 
transients and mediates synaptic plasticity (Finch and Augustine, 1998; 





1.6 SOCE  
Long-lasting Ca
2+ 
increase mediated by SOCE is critical for several important 
cellular functions in non-excitable cells such as growth, motility, secretion and 
gene expression (Lewis, 2007).  SOCE has been reported in both excitable and 
non-excitable cells but and the majority of the work done on SOCE is on non-
excitable cells. SOCE in non-excitable cells is made up of two key players (Figure 
5). The first component consists of the stromal interaction molecule (STIM) 
proteins (STIM1 and STIM2), which are ER transmembrane proteins that can 
sense the reduction of ER Ca
2+
 concentration and subsequently trigger SOCE. The 
second component is the Ca
2+
 release–activated Ca2+ channel (Orai/CRACM1, 2 
and 3), which   make up the SOC channels. Both STIM isoforms sense the 
decrease in ER Ca
2+
 through an EF-hand Ca
2+
 binding motif, which faces the ER 
lumen (Liou et al., 2005; Roos et al., 2005). Dissociation of Ca
2+
 from the EF-
hand motif causes rapid oligomerization (Liou et al., 2007; Luik et al., 2008) and 
subsequent migration of STIMs to ER-PM junction sites forming puncta (Liou et 
al., 2005; Wu et al., 2006). Once localized to these ER-PM junction sites, STIMs 
promotes the accumulation of Orai at apposed sites in the PM (Luik et al., 2006; 
Xu et al., 2006), leading to channel activation (Penna et al., 2008). Store depletion 
is essential and sufficient to activate SOCE (Putney, 2007).  
 
Severely impaired SOCE has been observed in cells with reduced levels of 
STIM1 (Baba et al., 2008; Oh-Hora et al., 2008). Conversely, a point mutant of 
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STIM1 in the EF-Hand motif, which no longer binds Ca
2+
, pre-localizes to ER-
PM junction sites (even when stores are full) and leads to constitutive Ca
2+ 
entry 
through SOC channels (Liou et al., 2005). A functional Orai1 channel is also 
essential for SOCE. A naturally-occurring single point mutation in Orai1 impairs 
SOCE and causes severe combined immunodeficiency (SCID) syndrome (Feske 
et al., 2006), and a nonsense mutation resulting in STIM1 depletion also leads to a 
similar phenotype (Picard et al., 2009). STIM1 and STIM2 knock-out mice die 
perinatally and within 4-5 weeks after birth respectively (Baba et al., 2008; Oh-
Hora et al., 2008).  
 
Patients suffering from Orai1- or STIM1-deficiency mainly manifest 
immunological diseases such as severe immunodeficiency and autoimmune 
disorders (Cahalan, 2009). Other pathologies include anhidrotic ectodermal 
dysplasia,  congenital myopathy, chronic pulmonary disease and defective dental 
enamel calcification, which all suggest the importance of SOCE in humans 





1.6.1 SOCE in neurons 
Although neuronal SOCE has been reported in neurons, the existence and 
relevance of this Ca
2+ 
pathway in the nervous system remain controversial. The 
lack of a clear SOCE response in neurons has been observed before (Bouron et 
al., 2005; Garcia-Alvarez et al., 2015; Park et al., 2010).  In contrast to non-
excitable cells, where SOCE serves as the predominant Ca
2+
 entry pathway, store 
depletion leads to little Ca
2+
 entry in neurons compared to Ca
2+ 
influx through 
VGCCs (Park et al., 2010). Moreover, influx of Ca
2+
 through Orai1 and the L-
Figure 5.  Mechanism showing how SOCE is activated. ER Ca
2+
 stores are not 
depleted, and STIM1 and Orai1 are dispersed throughout the ER and plasma 
membrane, respectively (top panel). ER Ca
2+
 store depletion (middle panel) triggers 
STIM1 to oligomerize into puncta and accumulate ER-PM junction sites. At the 
same time, Orai1 is recruited and accumulates in regions of the plasma membrane 
directly opposite the STIM1 clusters. The co-localization of STIM1 and Orai1 
activates Orai1 channels and allows Ca2+ influx into the cell (bottom panel). 






 channel, Cav1.2, are reciprocally regulated by STIM1 and 
to a smaller extent by STIM2 (Park et al., 2010; Wang et al., 2010b). STIM1 can 
bind to the C terminus of Cav1.2 to inhibit gating of the channel (Park et al., 2010) 
and activation of STIM1  strongly suppresses the activity of Cav1.2 while 
triggering SOCE through Orai (Wang et al., 2010a). This suggests that in the 
presence of high levels of STIM1, Ca
2+
 influx cannot simultaneously occur 
through Cav1.2 and Orai channels.  
 
Other studies report, however, SOCE activity in nerve cells (Berna-Erro et al., 
2009; Gemes et al., 2011; Gruszczynska-Biegala et al., 2011; Sun et al., 2014). 
For example, SOCE has been proposed to regulate the spontaneous release of 
neurotransmitters in neurons (Emptage et al., 2001). In this study, the authors 
show that depletion of ER Ca
2+
 as a result of CICR can activate SOCE, which 
then influences the frequency of spontaneous neurotransmitter release in 
presynaptic terminals of pyramidal neurons (Emptage et al., 2001). A recent study 
has reported that SOCE is attenuated in depolarized cerebellar granule cells but is 
constitutively active in resting cells (Lalonde et al., 2014b), suggesting that SOCE 
may strongly depend on neuronal activity.  STIM2 and SOCE have also been 
implicated in hypoxic neuronal cell death (Berna-Erro et al., 2009), and recently 
in dendritic spine maturation (Sun et al., 2014).  SOCE has also been proposed to 
be perturbed in Huntington’s (Bezprozvanny and Hayden, 2004) and Alzheimer’s 
disease (Herms et al., 2003; Leissring et al., 2000; Smith et al., 2002), although 





measurements performed in non-neuronal cells such as fibroblasts derived from 
patients. 
 
Possible reasons for the inconsistencies of neuronal SOCE can be mainly grouped 
into two categories. One, the use of various neuron cell types at different 
developmental stages (see (Bouron et al., 2005)). Two, variations in the Ca
2+
 
“addback” protocol for measuring SOCE, which involves depleting ER Ca2+ 
using drugs such as thapsigargin in a Ca
2+
 free extracellular media. Ca
2+
 is then 
added back to the extracellular media in order for the influx of Ca
2+
 into the 
cytoplasm through SOCE channels (Wong et al., 2010). The amount of 
thapsigargin added, how Ca
2+
 is depleted and added back after store depletion can 
affect how SOCE is measured. Even if SOCE is present in neurons, the 
contribution of Ca
2+
 influx will be minimal as compared with Ca
2+
 influx through 
voltage-gated calcium channels (VGCCs), which are the most abundant Ca
2+
 
channels in neurons, during synaptic activities (Hooper et al., 2014). Thus, it has 
been proposed that SOCE will most likely occur when neurons are at rest 
(Lalonde et al., 2014a). Taken together, although the existence and relevance of   
neuronal is debated, SOCE still provides an attractive model for rising 
intracellular Ca
2+
 within a dendritic spine to regulate synaptic plasticity. 
 
1.7 STIMs: mechanism of action. 
The luminal N-terminal region of both STIM1 and STIM2 contains an EF-hand  







 dissociates from the EF-hand domain, exposing the 
hydrophobic residues in both the EF-hand domain and the SAM domain which 
triggers oligomerization of STIMs (Baba et al., 2006; Covington et al., 2010; Li et 
al., 2007; Park et al., 2009; Williams et al., 2002). Therefore, the EF-hand-SAM 
region is required to sense changes in ER Ca
2+
 levels and trigger oligomerization 
of the STIM proteins. 
 
The main domain in the cytoplasmic C-terminus of both STIM1 and STIM2 is the 
STIM–Orai activating region (SOAR), which mediates direct coupling with Orai 
channels (Figure 6). This region is  similar to the CRAC activation domain (CAD) 
or Orai1-activating small fragment (OASF) (Berna-Erro et al., 2012). The SOAR 
domain contains a polybasic region (KIKKKR), which is crucial for the 
interaction and activation of Orai1 (Calloway et al., 2010; Korzeniowski et al., 
2010; Yang et al., 2012). Another region within the SOAR domain, the coiled-coil 
(CC1) domain, has been shown to be crucial for maintaining STIM1 oligomerized 
state after store depletion (Covington et al., 2010; Yang et al., 2012) and deletion 
of the CC1 region prevents STIM1 oligomerization (Baba et al., 2006). Therefore, 
the SOAR region has two different roles. First, it mediates the transition to an 
oligomerized state   (Covington et al., 2010) and second, it binds to Orai channels 
to trigger the activation of Orai channels (Park et al., 2009; Yuan et al., 2009).  
 
Other than interacting with Orai1, STIM1 has been proposed to interact indirectly 
with adenylate cyclase (Lefkimmiatis et al., 2009) and the Ca
2+





 ATPase (PMCA) (Krapivinsky et al., 2011). Other functions of 
STIM1 include a heat (Xiao et al., 2011) and oxidative stress sensor (Hawkins et 
al., 2010), suggesting that STIM proteins may impact multiple signal transduction 
pathways.  
 
1.7.1 STIM1 versus STIM2 
The STIM1 and STIM2 genes are evolutionarily conserved and probably descend 
from duplication of an ancestral STIM gene about 500 million years ago (Collins 
and Meyer, 2011). Interestingly, this gene duplication coincides with the 
emergence of dendritic spines and the explosion of brain complexity in higher 
vertebrates (Garcia-Lopez et al., 2010).  
 
Although conserved, there are still some minute differences between the two 




) of STIM1 and STIM2 is 
~200 µM and ~400 µM respectively (Soboloff et al., 2012). Thus STIM2 has a 
lower affinity for Ca
2+ 
than STIM1 and is consequently more sensitive to smaller 
decreases in ER Ca
2+ 
concentration (Brandman et al., 2007). In contrast, STIM1 
requires a larger ER Ca
2+
 depletion, which typically occurs in in response to acute 
receptor-mediated signaling. This has led to the notion than STIM2 regulates 
basal Ca
2+ 
influx and homeostasis, while STIM1 underlies receptor-mediated 
store-operated Ca
2+




Second, STIM2 does not activate Orai channels as efficiently as STIM1 (Bird et 
al., 2009; Parvez et al., 2008; Zhou et al., 2009). This can be explained by the 
slower rate at which the EF hand-SAM motif of STIM2 unfolds and aggregates 
upon Ca
2+
 dissociation from the EF hand (Stathopulos et al., 2009; Zheng et al., 
2011). In addition, overexpression of STIM2 has been shown to have a negative 
effect on SOCE (Soboloff et al., 2006b). This may help to prevent uncontrolled 





Third STIM2 is exclusively expressed in the ER but STIM1 has been reported to 
be expressed in the both the ER and PM (~ 5-10%) (Cahalan, 2009; 
Hewavitharana et al., 2008; Saitoh et al., 2011; Soboloff et al., 2006a; Soboloff et 
al., 2006b). However, the presence of STIM1 in the PM is still debatable because 
the presence of STIM1 at the PM is often assessed in STIM1-overexpressing 
cells, which can lead to mislocalization of STIM1. The ability of STIM2 to 
remain in the ER is probably due to the strong ER-retention sequence in the 






1.7.2 Functions of STIMs in neurons 
STIM1 and STIM2 are differentially expressed in the mouse brain. Skibinska-
Kijek et al., have shown that STIM1 and STIM2 mRNA can be detected in all 
major parts of the mouse brain but the level of STIM2 mRNA is about 7 times 
higher than that of STIM1 in the hippocampus and 3 times higher in other parts of 
the brain (Skibinska-Kijek et al., 2009a). Another interesting observation is that 
STIM1 protein levels correlate strongly with mRNA expression in the brain, 
which suggests that STIM1 expression is primarily regulated at the transcriptional 
level. In contrast, STIM2 protein levels do not follow the mRNA level, which 
suggests a more complex regulation. More importantly, the protein expression of 
Figure 6. Domain organization of the human (h) and mouse (m) STIM proteins. 
The human and mouse STIM1 proteins share about 97% in amino acid homology 
while human and mouse STIM2 share about 92% in homology. The amino- and the 
carboxyl-terminus are represented as N and C, respectively. Different domains are 
represented in different colors. Boundaries and amino acid position are indicated by 
the numbers above and below the domains. Adapted from Berna-Erro, A., G. E. 




STIM1 and STIM2 is highest in the Purkinje cells in the cerebellum and in the 
hippocampus respectively (Skibinska-Kijek et al., 2009b). The cerebellum plays 
an important part in fine motor control and Purkinje cells send inhibitory 
projections to the deep cerebellar nuclei to modulate excitation in the cerebellum 
(Purves et al., 2001). The hippocampus on the other hand is involved in memory 
formation and is mostly made up of excitatory pyramidal neurons (Purves et al., 
2001). A study indicates that thapsigargin-evoked store depletion in cortical 
neurons can cause the redistribution of YFP-STIM1 and YFP-STIM2 to puncta, 
consistent with how the STIM-Orai machinery operates to regulate SOCE in non-
neuronal cells (Klejman et al., 2009).   
 
Importantly, recent studies have shown that, in addition to Orai, STIM1 can 
modulate the activity of VGCCs (Park et al., 2010). STIM1 has been shown to 
interact with L-type VGCCs to promote the removal of the VGCCs from the PM 
and inhibit the channel activity (Park et al., 2010). In addition, STIM1 may play a 
role in synaptic plasticity in both cultured cerebellar granule neurons by 
promoting SOCE when the neuron is hyperpolarized (Lalonde et al., 2014a), and 
acutely isolated Purkinje neurons by regulating neuronal calcium signaling and 
mGluR1-dependent synaptic transmission (Hartmann et al., 2014).  
 
In contrast to STIM1, very little is known about the interacting partners of 
STIM2.  A recent study has shown that STIM2 is important for mushroom spines 
to stabilize through STIM2 dependent SOCE (Sun et al., 2014). In another study, 
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STIM2 deficient mice took more time to learn and remember as compared to the 
wild-type mice in the Morris water maze test, indicating a defect in hippocampus-
dependent spatial memory function (Berna-Erro et al., 2009). But the health of the 
mice may contribute to the defect in learning and memory as the STIM2 deficient 
mice also die a few weeks after birth (Cahalan, 2009; Oh-Hora et al., 2008). 
 
Taken together, both STIM isoforms may play a role in plasticity by regulating 
Ca
2+
 through SOCE in different parts of the brain. However, it remains to be 
determined whether STIMs can interact with other partners in the brain and 





1.8 Main hypothesis and research objectives  
The function of SOCE and STIM proteins are well established in non-excitable 
cells but their functions still remains to be elucidated in the brain. The 
confinement of ER localized STIM proteins to dendritic spines or postsynaptic 




signaling microdomains in neurons to regulate synaptic plasticity. Therefore, the 
main aim of this study is to:  
 
(i) Determine the impact of the STIM proteins on synaptic structure and 
function.  
(ii) Dissect out the mechanisms by which STIM proteins regulate synapse 




Materials and Methods  
This section contains the materials and methods used in the thesis. I have 
generated all the constructs used in this thesis unless otherwise stated. I have also 
set up the shRNA system, lentivirus system and transduction, organotypic slice 
culture and the biolistic transfection of the organotypic culture.  
 
2.1 DNA constructs  
The following lentiviral vectors pll3.7 (#11795) and FUGW-GFP (#14883), the 
packaging plasmids Delta8.9 (#12263) and VSVG (#8454), and the pCI-SEP-
GluR1 plasmid (#24000) were obtained from Addgene. The PKA activity sensor, 
AKAR3EV, was a gift from Dr. Miki Matsuda (Komatsu et al., 2011). The eGFP 
of the FUGW plasmid was replaced with mCherry using the BamHI and EcoRI 
sites to create a mCherry version of the FUGW. Human pDS-YFP-STIM 1 and 2 
constructs were gifts from Dr. Tobias Meyer (Brandman et al., 2007; Liou et al., 
2005). The pDS-YFP-STIM2 constructs used in this thesis are resistant against 
the shRNAs generated against the rodent versions of STIM2 and are thus used as 
a rescue construct. The human STIM2 mutants,  YFP-STIM2Δcyto and YFP-
STIM2ΔSOAR constructs, were made by deleting the cytoplasmic region (aa 329-
841) and SOAR region (aa 438-538) of the human STIM2 protein, YFP-STIM2 
(accession number: AAI71766). YFP-STIM2 LQAA was made by mutating 
LQ347/348AA (Yuan et al., 2009). All STIM and shRNA constructs used in this 






2.2 Short hairpin RNA (shRNA)  
To knockdown STIMs, STIM1 and STIM2 shRNA sequences were first cloned 
into the pll3.7 lentiviral vector using the HpaI and Xho sites. The shRNA together 
with U6 promoter were then transferred from pll3.7 to FUGW using the Pac1 site. 
The following 19mer shRNA sequences were used: scramble (scr), 5’-
CGATACTGAACGAATCGAT-3’; STIM1, 5’-TCCAGGCAGGAAGAAGTTT-
3’; STIM2#1, 5’-ACCAAGAGCATGATCTTCA-3’; STIM2#2, 5’-
GGAACGAAAGATGATGGAT-3’. The shRNAs in the FUGW plasmids are 
driven by the U6 promoter. Cells that are transfected or transduced will be 
expressing eGFP or mCherrry, which are driven by an ubiquitin promoter. All 
efficiency of the shRNAs were validated in neurons transduced with lentivirus 
expressing the shRNAs using Western Blot. 
 
2.3 Antibodies used and their dilutions 
Ab species/type clone application/dil. source 
-Stim2  rabbit, pAb NA WB 1:500 Cell Signaling, 4917S 
-Stim1  rabbit, pAb NA WB 1:500 ProSci, 4119 
-GluA1-NT  mouse, mAb RH95 WB 1:1000, IP 
1:10, ICC 1:500 
Millipore, MAB2263 
-pGluA1 Ser845 mouse, mAb EPR 2148 WB 1:1000 Millipore, 04-1073 
-pGluA1 Ser831 mouse, mAb N453 WB 1:1000 Millipore, 04-823 
-GluA2 rabbit, pAb  WB 1:1000 Synaptic Systems  
182 103 
-GluN1 mouse, mAb M68 WB 1:1000 Synaptic Systems  
114 011 
-CaMKII  rabbit, pAb NA WB 1:1000 Cell Signaling, 3362 
-syntaxin mouse, mAb HPC1 WB 1:20000  Sigma, S0664 




-Homer rabbit, pAb NA ICC 1:1000 Synaptic Systems  
160003 
-PSD95 mouse, mAb 70-18 WB 1:1000 Millipore, MAB1596 
-PKA-R1-/ rabbit, pAb NA WB 1:1000 Cell Signaling, 3927 
-PKA-C- rabbit, mAb  EP2102Y WB 1:1000 Abgent, AJ1612a 
-PKA-C- mouse, mAb 5B ICC 1:500 BD Transduction 
Laboratories, 610980 
-AKAP150  goat, pAb  NA IP 1:10 Santa Cruz, sc-6445 
-AKAP150  rabbit, pAb  NA WB 1:1000 Millipore,  07-210 
-calnexin rabbit, pAb NA 1:2000 Abcam, 22595 
-actin mouse, mAb AC15 WB 1:20000 Sigma,  A1978 
-GAPDH mouse, mAb 6C5 WB 1:20000 Millipore,  MAB374 
R mouse, mAb NA WB 1:1000 Millipore, 05-432 
R rabbit, pAb NA WB 1:1000, IP 
1:10 
Millipore, 07-632 
-rIgG HRP goat  NA WB 1:10000  Jackson 
-mIgG HRP goat  NA WB 1:10000  Jackson 
Alexa Fluor 488 
Anti-mIgG 
goat NA ICC 1:1000 Invitrogen , A110011 
Alexa Fluor 568 
Anti-mIgG 
goat NA ICC 1:1000 Invitrogen,  A11004 
Alexa Fluor 488 
Anti-rIgG 
goat NA ICC 1:1000 Invitrogen, A11008 
 
Alexa Fluor 568 
Anti-mIgG 
goat  NA ICC 1:1000 Invitrogen, A11011 
Alexa Fluor 633 
Anti-mIgG 
goat  NA ICC 1:500 Invitrogen, A21050 
 
 
2.4 Media and Buffers  
Name Components Purpose 
CMF-HBSS Calcium-, magnesium-, and 
bicarbonate-free Hank’s balanced salt 
solution (HBSS) buffered with 10 mM 
HEPES, pH 7.3 
For dissection and washing of 
primary hippocampal neurons 
Glial Media Minimal essential medium (MEM) 
supplemented with glucose (0.6% 
wt/vol), 100 U/ml penicillin, 100mg/ml 
streptomycin, and containing 10% 
(vol/vol) horse serum 




MEM supplemented with glucose 
(0.6% wt/vol) and containing 10% 
(vol/vol) horse serum  




Neurobasal Medium with 2mM 
GlutaMAX-I and B27 supplement 
For culturing and maintaining 
primary hippocampal neurons 





MEM with 2mM GlutaMax-1, 100 
U/ml penicillin and 100 mg/ml 
streptomycin, and 1X HBSS buffered 
with 10mM Tris and 10mM HEPES.  




50% MEM, 25% HBSS, 25% Horse 
Serum, 2mM GlutaMax-1, 5µg/ml 
Insulin, 5µg/ml Transferrin, 5ng/ml 
Sodium Selenite, 2.64mg/ml Glucose, 
0.8µg/ml Vitamin C and 100 U/ml 
penicillin and 100 mg/ml streptomycin 
For culturing and maintaining 
organotypic slices 
293T Media DMEM containing 10% fetal calf 
serum (vol/vol), 100U/ml penicillin, 
100µg/ml streptomycin and 20mM 
glutamine 
For culturing and maintaining 
293T media during lentivirus 
production 
IP Buffer 25mM Tris-HCl (pH=8), 27.5mM 
NaCl, 20mM KCl, 25mM Sucrose, 
10mM EDTA (pH=8), 10mM EGTA 
(pH=8), 1mM DTT, 10% (vol/vol) 
glycerol,  0.5% NP-40, complete 
protease inhibitors (Roche), and 
phosphatases inhibitors (Roche) 
Lysis buffer to lyse cells for 
immunoprecipitation 
Scale A2  4M Urea, 10% Glycerol and 0.1% TX-
100 




120mM K-Gluconate, 9mM KCl, 
10mM KOH, 3.48mM MgCl2, 4mM 
NaCl, 10mM HEPES, 4mM Na2ATP, 





110mM NaCl, 5mM KCl, 2mM CaCl2, 
0.8mM MgCl2,10mM HEPES pH 7.4 




119mM NaCl, 2.5mM KCl, 2.0mM 
CaCl, 2.0mM MgCl2, 25mM HEPES 
and 30mM glucose 
Buffer to maintain the pH and 
to keep cells alive during live 
cell imaging experiments 
RIPA buffer   50mM Tris-HCl (pH=8), 150mM 
NaCl, 1mM EDTA, 1% NP-40, 
complete protease inhibitors (Roche), 
and phosphatases inhibitors (Roche) 






PAGE) sample buffer 
62.5mM Tris–HCl (pH 6.8), 2% SDS, 
10% glycerol and 0.01 % bromophenol 
blue 
Protein denaturing and elution 
buffer 
Running buffer 250mM Tris, 1.92M Glycine and 1% 
SDS 
For running SDS-PAGE  
Transfer buffer  25mM Tris-HCl  (pH 8.0), 192mM 
glycine, 5% methanol and 0.1% SDS 
For Western transfer buffer 
Tris-Buffered Saline 
containing Tween 20 
(TBST) 
Tris-HCl (pH7.6), 137mM NaCl and 
0.05% Tween 20 




10mM Phosphate buffer (pH 7.4) and 
137mM NaCl 








2.5 Tissue Culture 
2.5.1 Rat primary hippocampal and cortical neuronal culture  
Rat hippocampal and cortex neurons were prepared from embryonic (E18 and 
E16 respectively) Sprague Dawley rat embryos (InVivos, Singapore) as described 
in the Banker protocol (Kaech and Banker, 2006). The hippocampus or cortex 
were dissected, digested in 0.25% Trypsin (Invitrogen), triturated to isolate cells 
from the tissue, and plated on poly-L-lysine (Sigma) coated 6-well plates or 
coverslips. For the glial feeder layer, cortex from post-natal (P0) pups were 
dissected and digested in 0.25% Trypsin (Invitrogen) with 0.1% DNAse (Roche), 
triturated and filtered through a cell strainer to isolate cells from the cell debris 
and then plated on T75 flask with glial media (Gibco). For imaging and 
electrophysiology experiments, hippocampal neurons were grown on glass 
coverslips with Neurobasal B27 media (Gibco) containing 2mM GlutaMax-1 
(Gibco) and 2µg/ml FDU (Sigma) on top of a glial feeder layer, strictly adhering 
to the Banker protocol. For biochemical experiments, hippocampal or cortical 
neurons were grown at high density on poly-L-Lysine coated dishes and 
maintained in Neurobasal B27 with 2mM GlutaMax. All animal experiments in 
this study were conducted under the regulations of the Institutional Animal Care 







2.5.2 Organotypic slice culture 
Hippocampal organotypic slices were prepared from post-natal (P5–6) Sprague 
Dawley rats according to the following protocol (Gogolla et al., 2006). The 
hippocampus were isolated from the P0 pups and hippocampal slices (350 µm) 
were prepared using a tissue chopper and transferred onto cell culture inserts 
(Millicell, 0.4µM pore size, Millipore). The hippocampal slices were maintained 
in slice maintenance media (50% MEM, 25% HBSS, 25% Horse Serum, 1X 
GlutaMax, 5µg/ml Insulin, 5µg/ml Transferrin, 5ng/ml Sodium Selenite, 
2.64mg/ml Glucose, 0.8µg/ml Vitamin C and 1X Penicillin and Streptomycin). 
Slice media was changed every 2 days.  
 
2.6 Lentivirus production 
FUGW lentiviral particles were produced and purified according to (Lois et al., 
2002; Tiscornia et al., 2006). Human embryonic kidney cells (HEK293T) were 
first grown to 70 – 80% confluency in a 10 cm tissue culture dish with 293T 
media supplemented with Geneticin (G418). The cells were then transfected with 
the 10µg of FUGW plasmid containing the gene or shRNA of interest (transfer 
plasmid), 10µg of Delta8.9 (packaging plasmid) and 10µg of VSVG (envelop 
plasmid) and cultured in 293T media (DMEM containing 10% Fetal Calf Serum 
(Gibco), 100U/ml penicillin, 100µg/ml streptomycin and 20mM glutamine 
(Gibco)) for 48 hours. The viruses were isolated from the cell media by 
centrifugation (500g for 10 min) and filtration through a 0.45µm filter (Sartorius). 
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The lentivirus titer was measured by infecting 1 x 10
5
 neurons using different 
serial dilutions of the same virus. The lentivirus titer can be calculated by the 
following equation: 
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑛𝑔 𝑢𝑛𝑖𝑡𝑠/µ𝑙 =
% 𝑜𝑓 𝑖𝑛𝑓𝑒𝑐𝑡𝑒𝑑 𝑐𝑒𝑙𝑙 𝑋 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑋 𝑠𝑒𝑟𝑖𝑎𝑙 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛𝑠
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑖𝑟𝑢𝑠 𝑎𝑑𝑑𝑒𝑑 
  
The use of the recombinant lentivirus has been approved by Genetic Modification 
Advisory Committee and Ministry of Health Biosafety Branch in Singapore. 
 
2.7 Transfection 
2.7.1 Lipofectamine  
For dendritic spine analysis, neurons seeded on 18mm diameter coverslips were 
transfected by Lipofectamine-2000® (Invitrogen). 2ug of DNA and 4µl of 
Lipofectamine-2000 were diluted separated into 150µl of Optimem® (Gibco). 
The procedure for transfection of the neurons is similar to that as mentioned in the 
manufacturer’s protocol except that the neurons were only incubated with the 
DNA and Lipofectamine-2000® mixture in Neuronal Plating Medium for 40 min. 
The neurons were then transferred to Neurobasal B27 media (Gibco) containing 




DNA and shRNA constructs were introduced in neurons by electroporation using 
the Rat Neuron Nucleofector kit II (Amaxa Biosystems, Lonza). Freshly 
dissociated neurons were mixed with the appropriate amount of plasmids in the 
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electroporation solution as provided and then transferred to an electroporation 
cuvette where they are electroporated (Rat hippocampal neurons G-003 program). 
Neuronal plating media is then added to the neurons in the cuvette and neurons 
are seeded either on coverslips or poly-L-Lysine coated dishes. The neuronal 
plating media is replaced with Neurobasal B27 media (Gibco) containing 2mM 
GlutaMax-1 (Gibco) and 2µg/ml FDU (Sigma) after 3 hours.  
 
2.7.3 Transduction 
All neurons were transduced on the day of seeding or after by adding virus to the 
neurons at a multiplicity of infection (MOI) between 2 and 3, to get an 86-95% 
efficiency of transduced cells.  The media will then be replaced with Neurobasal 
B27 media (Gibco) containing 2mM GlutaMax-1 (Gibco) or transferred onto glial 
with Neurobasal B27 media 24 hours after incubation with the virus.  
 
2.7.4 Biolistic transfection 
To allow the plasmid DNA to attach to the gold, 3µg of plasmid DNA was mixed 
with 1 µg of gold microcarrier (1.0µm diameter) and 20µl of 0.05M spermidine. 
The mixture was then vortexed while 20µl of CaCl2 is added. The mixture was 
allowed to precipitate before the supernatant was separated from the DNA-gold 
pellet by centrifugation. To remove any remaining water from the DNA-gold 
pellet, 100% ethanol was added to the gold pellet, vortexed and sonicated before 
centrifugation to separate the DNA-gold pellet again. To adhere the gold particles 
to the plastic tubing cartridge, the gold pellet was resuspended in 0.05g/ml of 
polyvinylpyrrolidone (PVP) dissolved in ethanol. The DNA-gold was then 
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vortexed and sonicated again before allowing it to settle in the plastic tubing 
cartridge. The ethanol supernatant was removed and the tubing was allowed to 
dry with continuous nitrogen passing through it. The cartridges are loaded into the 
Helios Gun Gene (BioRad) and the plasmid DNA enters into neurons by helium 
discharge at a high velocity of 200psi. 
 
2.8 Electrophysiology 
Whole-cell patch-clamp recordings were performed in DIV15-18 hippocampal 
neurons expressing the shRNAs and fluorescent protein to measure the miniature 
excitatory postsynaptic currents (mEPSCs).  The neurons were held at -70mV 
using a multiClamp 700B amplifier (Axon Instruments, CA) driven by pClamp 
(Axon Instruments). Recording pipettes, with resistances of 3-5 MΩ were filled 
with an internal solution containing (in mM) 120 K-Gluconate, 9 KCl, 10 KOH, 
3.48 MgCl2, 4 NaCl, 10 HEPES, 4 Na2ATP, 0.4 Na3GTP, 19.5 Sucrose, 5 EGTA. 
Neurons were bathed in external solution containing (in mM) 110 NaCl, 5 KCl, 2 
CaCl2, 0.8 MgCl2,10 HEPES pH 7.4 and 10 D-glucose and supplemented with 0.5 
μM TTX, to prevent action potential-evoked EPSCs, and 10 μM BMI to block 
GABAergic inhibitory postsynaptic potentials. Data were analyzed using pClamp. 
Only recording epochs in which series and input resistances varied by <10% were 
included in the analysis. 
 
2.9 Immunocytochemistry 
21 DIV primary cultures of hippocampal neurons that were grown on coverslips 
were fixed in 0.1 M PBS (pH 7.4) containing 4% PFA and 4% sucrose for 20 min 
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at room temperature. The membranes were then permeabilized with PBS 
containing 0.25% Triton X-100 (Sigma) for 5 min and then blocked in 5% normal 
goat serum diluted in PBS for 1 hr to prevent non-specific binding. The neurons 
were then incubated with the appropriate dilution of primary antibody first and 
then subsequently the secondary antibody for 1 hr each at room temperature. 
Double or triple stains were done using 488, 568 and 633 Alexa-conjugated 
secondary Abs. The coverslips were then mounted onto a glass slide with 
mounting medium (Flurosave, Merck) and allowed to dry.  
 
2.10 Organotypic culture fixation and scaling 
14 DIV organotypic hippocampal slices (350 µm) were first fixed in 0.1 M PBS 
(pH 7.4) containing 4% PFA and 4% sucrose for 20 min at room temperature. The 
slices were then washed with PBS for 3 times before scaling with Scale A2 
solution (4M Urea, 10% Glycerol and 0.1% TX-100) (Hama et al., 2011) to clear 
the slices. The slices were then washed with water to remove any traces of the 
scaling solution. The slices are then dried overnight at room temperature before 
they were mounted on a glass slide with mounting media.  
 
2.11 Imaging 
For fixed neuronal samples, immunofluorescence images were imaged with an 
upright laser scanning confocal microscope (LSM710, Zeiss). The images were 
processed with Zen 2012 (Zeiss) and ImageJ (Rasband, 1997-2014) . Super 
resolution microscopy was also performed on fixed images with a 63x 1.4NA 
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objective on a structured illumination microscope (ELYRA, Zeiss). 3D stack were 
maximally projected on a single plane, or subjected to 3D surface rendering using 
the Imaris software. 
 
For all live cell imaging experiments, the neurons were imaged in Tyrode’s 
imaging buffer (119mM NaCl, 2.5mM KCl, 2.0mM CaCl, 2.0mM MgCl2, 25mM 
HEPES and 30mM glucose) a heated stage (36.5
o
C) with a 40x (NA 1.3) or 63x 
(NA 1.4) objective mounted on an inverted Nikon Eclipse TE2000-E microscope 
equipped with a spinning-disc confocal scanhead (CSU-10, Yokogawa) and an 
auto-focusing system (PFS, Nikon). During time-lapse imaging, cells were 
maintained in an on-stage cell incubation chamber set at 36.5
o
C. Images were 
acquired with a Cool SNAP HQ
2
 CCD camera (Photometrics) driven by 
Metamorph 7.6 (Universal Imaging). For FRET imaging, FRET between eCFP 
and eYFP is displayed as the intensity in the FRET channel (corrected for bleed 
through) divided by the donor (eCFP) intensity (Thevathasan et al., 2013).  
 
2.12 Preparation of protein extracts from cells or tissue 
The rat cortex, hippocampus, striatum and cerebellum were lysed and 
homogenized in 1ml ice-cold IP buffer  For tissue culture, cells were washed 
twice with ice-cold phosphate-buffered saline (PBS) and lysed with IP buffer 
(25mM Tris-HCl [pH=8], 27.5mM NaCl, 20mM KCl, 25 mM Sucrose, 10 mM 
EDTA [pH=8], 10 mM EGTA [pH=8], 1mM DTT, 10% (v/v) glycerol,  0.5% 
NP-40, complete protease inhibitors (Roche), and phosphatases inhibitors 
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(Roche)) or RIPA buffer (50 mM Tris-HCl [pH= 8], 150 mM NaCl, 1 mM 
EDTA, 1% NP-40, complete protease inhibitors (Roche), and phosphatases 
inhibitors (Roche)). The cell lysate was incubated at 4°C for 10 min and then 
clarified by centrifugation at 12,000 rpm for 5 min at 4°C to collect the 
supernatant. 
 
2.13 Biochemical isolation of the PSD 
Post-synaptic densities (PSDs) isolation was adapted from procedures as 
described in (Cotman et al., 1974; Cotman and Taylor, 1972; Hahn et al., 2009). 
All steps were done on ice or at 4
o
C. Adult rat forebrains were first dissected and 
then homogenized using a Glass/Teflon dounce homogenizer. The cell debris was 
isolated from the homogenate by centrifugation at 1000g for 10 min. The 
supernatant was then centrifuged at 16,000g for 20 min to yield a membrane 
(Memb) and cytoplasmic (Cyto) fractions. The membrane fraction was then 
transferred onto a sucrose gradient (1.2 M, 1 M, 0.85 M Sucrose, 100,000g for 2 
hrs) to isolate synaptosomes (SPMs). The SPMs were treated with 1% TX-100 
and then centrifuged at 35,000g for 20 min. The supernatant contains the synaptic 
vesicles (SV). The pellet was further extracted in 1.5% TX-100 and spun at 
140,000g for 30 min. The supernatant contains pre-synaptic membranes and was 
pooled with the SV fraction (Pre/SV). The pellet is the final PSD fraction. All the 
different fractions (equal amount of proteins) were then immunoblotted for 





 2.14 Immunoprecipitation (IP) 
Appropriate dilutions of the corresponding antibody (2mg or 4 mg) or mouse IgG 
(control) was added to the total cell lysate (200 µg for immunoprecipitation or 
1mg for co-immunoprecipitation) and incubated at 4°C for 1 hour before the 
addition of protein A/G-sepharose (Pierce). The mixture was then incubated 
overnight at 4°C before being washed three times with IP buffer. Bound proteins 
were boiled and eluted at 95°C for 5 min in of SDS-PAGE sample buffer 
containing 100 mM dithiothreitol (DTT) (Sigma) before being collected by 
centrifugation at 12,000 rpm for 5 min at room temperature.   
 
2.15 Western transfer and immunoblotting 
Protein samples were separated in either one-dimensional 8%, 10% or 12% SDS-
PAGE according to standard protocols (Sambrook et al., 1989) and 
electrophoretically transferred onto a Hybond nitrocellulose membrane (BioRad) 
in transfer buffer. Membranes were subsequently blocked for 1 hr with 5% skim 
milk in TBST, followed by overnight incubation at 4°C with the primary 
antibodies at appropriate dilutions. Membranes were washed in TBST for 15 min 
for three times and incubated with the appropriate dilution of secondary 
antibodies that are conjugated with horseradish peroxidase-conjugated antibodies 
(Jackson) for 1 hr and followed by detection with enhanced chemiluminescence 
(ECL-PIERCE). The protein sizes were estimated using prestained SDS-PAGE 




2.16 Measurement of cAMP levels and PKA activity 
Equal amount of primary neuronal cultures were seeded onto poly lysine coated 6 
well plates and grown for 21 DIV. The neurons were either treated with 50 m 
Forskolin (F6886, Sigma) and 0.1 m Rolipram (R6520, Sigma), or DMSO as a 
control (Sigma), for 30 minutes before harvesting. To measure cAMP levels, the 
neurons were lysed with ice cold HCl and the cAMP levels were measured using 
an ELISA kit (Calbiochem). To measure PKA activity, the cells were lysed 
according to the manufacturer protocol and measured with an ELISA kit (ENZO 
Lifescience). The amount of PKA activity was then normalized against the protein 
concentration.  Only samples whose levels of cAMP or PKA activity that falls 
within the linear range of the standard curves are accepted.  
 
2.17 GluA1 endocytosis 
GluA1 antibodies (1:100) were incubated with 21 DIV neurons in Tyrode’s 
imaging buffer at 4
o
C for 30 minutes to allow the antibody to bind to the surface 
GluA1 on the neuron. 50 m Forskolin and 0.1 m Rolipram were added and the 
neurons are brought to 37
o
C for 30 minutes to allow for endocytosis of the GluA1 
that are coated with the antibody. Any remaining surface GluA1 antibodies were 
stripped off by washing the neurons with an ice cold antibody stripping buffer 
(0.5M NaCl and 0.2M Acetic Acid) for 2 minutes. The cells were then fixed, 





2.18 Image analysis 
2.18.1 Spine detection and classification 
z-stacks of dendritic segments (0.64µm/slice at 63X magnification) imaged by 
confocal microscopy that covered the entire dendritic segment were used for 
analysis.  Images were processed using ImageJ and Metamoprh (Universal 
Imaging) to get the maximum intensity projection of the dendritic segments. 
Dendritic spines analysis were performed using NeuronStudio (Rodriguez et al., 
2008) and dendritic spines are classified and expressed as number of spines per 
unit length.  
 
2.18.2 Scoring synaptic density 
A Matlab script was written to analyze three-color images consisting of mCherry 
(shRNA), VAMP2 (633 nm, presynaptic marker) and Homer-1 (488 nm, post-
synaptic). Synapses overlapping mCherry-expressing dendrites that are positive 
for both VAMP2 and Homer-1 are scored by the script. The same intensity 
thresholds were used to segment VAMP2 and Homer-1 puncta in control and 
STIM2 silenced neurons. Synaptic density was obtained by computing the 
number of detected synapses per unit area of mCherry-expressing dendrites.  
 
2.18.3 Sholl analysis 
Apical dendrites from CA1 pyramidal neurons in organotypic slice cultures were 
used for Sholl analysis. Neurite traces were traced out automatically using 
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NeuroStudio and the dendrite tracings were mapped onto the neuron. Sholl 
analysis was done using Simple Neurite Tracer Plugin in Fiji (Longair et al., 
2011) with the start of the analysis originating from the cell body.   
 
2.18.4 SEP-GluA1 insertion 
SEP-GluA1 insertion was quantified by measuring the fold-change in SEP-GluA1 
intensity in dendritic segments. 
 
2.18.5 Detection of endocytic GluA1 puncta 
A MATLAB script was written to detect and score GluA1 endocytic puncta. 
GluA1 puncta were segmented based on intensity and inclusion in mCherry-
expressing dendritic segments. The same intensity threshold was used for both 
control and STIM2 silenced cells. Puncta density was obtained by computing the 
number of detected puncta per unit area of mCherry-expressing dendrites. 
 
2.18.6 Granularity 
Redistribution of YFP-STIM2 to puncta after forsk/rolipr treatment was 
quantified using a custom-written MATLAB script that measures the texture (i.e. 
granularity) of an image. The script is based on the build-in function rangefilt.m.  
 
2.19 Statistics 
All average data are represented as means +/- SEM, unless indicated otherwise. 
All statistical significance was determined using two-tailed unpaired or paired t-
tests on paired data sets obtained from cell populations or individual cells 
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respectively. One way ANOVA was used when simultaneously comparing three 
or more data sets. In this case, p values were derived from a post-hoc Bonferroni 
test. ANOVA and post-hoc Bonferroni tests were done using the ANOVA1 and 






This project is collaboration between several lab members and me. I was the one 
that started the concept and the hypothesis behind this project. All the imaging 
experiments and results in this thesis were performed and generated by me unless 
otherwise stated. All Western Blot data were generated by Dr. Gisela Garcia-
Alvarez unless otherwise stated while the electrophysiology data were generated 
by Ji Fang. Permission has been granted by the lab members to reproduce the 
figures in this thesis.  
 
3.1 Expression of STIM isoforms differs in different parts of the brain and is 
developmentally regulated  
Both STIM isoforms are expressed in the brain, with different transcript levels in 
different parts of the brain (Dziadek and Johnstone, 2007; Klejman et al., 2009; 
Skibinska-Kijek et al., 2009a). The cortex, hippocampus and cerebellum were 
isolated from the adult rat brain (more than 8wks old) to check for the protein 
levels of both STIM isoforms. STIM2 was particularly high in the rat 
hippocampus (Figure 7A). STIM1 was present in all three parts of the brain, with 
higher abundance in the cerebellum (Figure 7B), similar to previous reports 
(Dziadek and Johnstone, 2007; Klejman et al., 2009; Skibinska-Kijek et al., 
2009a). It is interesting to note that there is a STIM1 upper band (more than 
100kDa) in the cortex and the hippocampus but not the cerebellum. One possible 
explanation for the upper band could be the dimeric for of STIM1.However, this 
remains to be tested. Since both STIM isoforms are expressed in the 
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hippocampus, the hippocampus and pyramidal neurons were chosen to be the 
model for most of the experiments.  
 
Both the expression of STIM1 and STIM2 in primary hippocampal neurons were 
also developmentally regulated, with STIM2 (100kDa) levels reaching a plateau 
peaking at 14 days in vitro (DIVs) (Figure 7C), which is around the time of 
synaptogenesis, while STIM1 (85kDa) levels plateaued at 21 DIVs (Figure 7D), 
similar to previous report (Keil et al., 2010). This suggests that the STIM isoforms 
may serve different functions in different parts of the brain and the expression of 







3.2 STIM2 localizes to large dendritic spines and is enriched in the post-
synaptic density 
STIMs are ER proteins that translocate into puncta upon sensing ER Ca
2+
 
depletion (Brandman et al., 2007) and STIM1 has been shown to localize in  
puncta in both the axon and dendrites, (Dziadek and Johnstone, 2007; Keil et al., 
2010) and also growth cones (Gasperini et al., 2009) in neurons. However, very 
little is known about how STIM2 is localized in neurons. As there is no good 
antibody for examining the localization of endogenous STIM in neurons, YFP-
STIM1 and YFP-STIM2 were over-expressed in primary hippocampal neurons to 
examine the localization of STIM1 and STIM2 in neurons.  
 
First, confocal images of young primary hippocampal neurons (3-5DIV) showed 
that both YFP-STIM1 and YFP-STIM2 are localized in puncta in the cell body 
and axon of neurons, although STIM2 appeared to be more punctate in the cell 
body (arrows in Figure 8A).   
 
Second, super resolution microscopy in matured hippocampal neurons (21DIV) 
using structured illumination microscopy (SIM) revealed that YFP-STIM1 was 
Figure 7. STIMs expression differs in different parts of the brain and is 
developmentally regulated. (A) Immunoblots of STIM2 from adult rat cortex (more 
than 8wks old) (ctx), hippocampus (hipp) and cerebellum (cereb). (B) Immunoblots 
of STIM1 from adult rat ctx, hipp and cereb.  (C) Developmental expression pattern 
of STIM2 in dissociated hippocampal neurons. (DIV, days in vitro). (D) 
Developmental expression pattern of STIM1 in dissociated hippocampal neurons.  





homogenously distributed in the dendrites while STIM2 was localized to puncta 
in the dendrites and occasionally in dendritic spines (Figure 8B), suggesting that 
the expression of STIM1 and STIM2 are different in hippocampal neurons. An 
enlargement of another dendritic segment also showed that YFP-STIM2 can be 
found inside dendritic spines (arrows in Figure 8C) and dendrites as puncta.  
 
To confirm that STIM2 is found inside dendritic spines, neurons were transfected 
with YFP-STIM2 and stained for Homer-1, a postsynaptic marker. Using confocal 
microscopy, STIM2 is also found to co-localize with Homer-1 in dendritic spines 
(arrows in Figure 8D).  A quantification of dendritic spines from confocal images 
showed that about 45% of dendritic spines have YFP-STIM2 puncta in them 
(Figure 8E) and dendritic spines with YFP-STIM2 tend to have a larger spine area 
(Figure 8F). It is possible that there is a gain of function in dendritic spine area 
when STIM2 is overexpressed but larger dendritic spines have been observed to 
have the ER in them (Nimchinsky et al., 2002), which might explain the presence 
of STIM2 in larger dendritic spines.  
 
The tip of a dendritic spine is known as the post-synaptic density (PSD), a 
protein-dense compartment containing receptors for neurotransmitters (Kim and 
Sheng, 2009; Okabe, 2007). To determine if STIM2 associates with the PSD, 
synaptosomes containing the presynaptic membranes/synaptic vesicles (Pre/SV) 
and post-synaptic membranes were first isolated from the adult rat brain. The PSD 
was then separated from Pre/SV using fractionation on a sucrose gradient and 
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detergent extraction. This procedure led to a clean separation of pre-synaptic 
markers (Syntaxin and Vamp2) and post-synaptic markers (PSD95, CamKII and 
GluA1) (Figure 8G). STIM2 was clearly enriched in the PSD fraction but not in 
the Pre/SV fraction. In contrast, STIM1 was enriched in the Pre/SV fraction 
(Figure 8G). STIM2 has also been observed to be in dendritic spines in a recent 
study (Sun et al., 2014), which is consistent with the results obtained. Dendritic 
spines with a larger spine area have been correlated with a larger synaptic strength 
(Matsuzaki et al., 2004a) and the data suggest that STIM2 but not STIM1, may be 









3.3 STIM2 regulates dendritic spine morphogenesis 
Based on results in the previous section, STIM2 localizes to puncta that are found 
in   dendrites and large dendritic spines, suggesting that STIM2 may play a role   
spine morphogenesis.  First, the impact of STIMs on dendritic spine 
morphogenesis was examined by silencing STIM1  or STIM2 in primary 
hippocampal neurons using validated shRNA sequences (Wong et al., 2010) 
(Figure 9A and Figure 11B). To ensure that any phenotype observed can be 
attributed to the effects of the shRNA post-synaptically, the primary neurons were 
transfected sparsely (using Lipofectamine-2000®) so that the majority of 
presynaptic inputs received by a transfected cell originated from neurons 
expressing normal levels of STIM2. STIM2 knockdown by two different shRNA 
sequences led to a marked decrease in both dendritic spine density (Figure 9B and 
C) and dendritic spine area (Figure 9D). Both the decrease in spine density and 
Figure 8. STIM2 is localized to dendritic spines. (A) Confocal microscopy images 
of young primary hippocampal neurons (3-5 DIV) transfected with either YFP-
STIM1 or YFP-STIM2 (arrows showing YFP-STIM1 or YFP-STIM2 puncta). (B) 
Super resolution microscopy (SIM) of primary hippocampal neurons (DIV 21) co-
transfected with mCherry (red) and either YFP-STIM2 or YFP-STIM1 (green). (C) 
Enlargement of another dendritic segment transfected with YFP-STIM2 (green) and 
mCherry (magenta). Scale bar: 5 μm. Arrows point to YFP-STIM2 puncta inside 
spine heads. Note that spine necks connecting spine heads to the dendritic shaft are 
not always visible on these high resolution images. (D) Mature primary hippocampal 
neuron transfected with YFP-STIM2 and stained for Homer. Arrows point to YFP-
STIM2 puncta inside dendritic spine heads labelled with Homer. (E) Percentage of 
dendritic spines with STIM2 puncta. n = 711 spines from 2 independent experiments. 
(F) Cumulative distribution of spine size (area µm2) with (n = 282 spines) or without 
(n = 415 spines) YFP-STIM2. (G) Synaptosomes fractionation and immunoblot 
analysis of adult rat brains. WBL, whole-brain lysate; Cyto, cytosol; Memb, total 
membranes; SPM, synaptosomes; Pre/SV, presynaptic membranes and synaptic 
vesicles; PSD, post-synaptic density. Equal amounts of protein were loaded in each 
lane. Data in Figure 8A generated and reproduced with permission by Lu Bo. Data in 






area could be partially rescued by introducing a shRNA-resistant form of STIM2 
(human YFP-STIM2) (Figure 9B, C and D). Dendritic spines can be classified 
into mushroom, stubby and thin depending on their morphology. Spine shape also 
correlates with spine maturity; spines with large spine heads (i.e. mushroom 
spines) are associated with increased synaptic strength  (Nimchinsky et al., 2002). 
The dendritic spine area for STIM2 knockdown was significantly smaller (Figure 
9D) but there was no significant difference in the distribution of spine type 
(Figure 9C). In contrast, STIM1 silencing had no detectable effect on both spine 
density and shape (Figure 9B and C).  The results are consistent with the effect of 
STIM2 on dendritic spines size and maturity published recently (Sun et al., 2014) 
but more data is required to determine if STIM2 is also important for spine type 
morphology.  
 
To determine whether STIM2 is also able to regulate spinogenesis in hippocampal 
circuits, pyramidal neurons in the CA1 region of organotypic hippocampal slices 
were transfected with STIM2 and control shRNAs using biolistic transfection 
(Figure 9E). Biolistic transfection was chosen because of the low transfection 
efficiency and pyramidal neurons in the CA1 were chosen because the CA3-CA1 
synapse has been well studied and that LTP at that synapse is associated with 
spine growth (Segal, 2010). The low transfection efficiency also ensures that there 
is very little pre-synaptic contribution from the CA3 to any spine phenotype in the 
CA1 neurons. Expression of two independent STIM2 shRNAs in mature CA1 
pyramidal neurons (DIV 14-16) resulted in a marked reduction in spine density in 
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apical dendrites (Figure 9F and G) and the decrease in spine density could be 
partially rescued by expression of YFP-STIM2. Reduced levels of STIM2 had no 
obvious impact on spine type (Figure 9G) but apical dendrite complexity was 
slightly reduced when STIM2 was silenced (Figure 9H). Together, these results 
indicate that STIM2 but not STIM1, is required for the formation and/or 
















3.4 STIM2 shapes spontaneous synaptic transmission 
Dendritic spines are the postsynaptic compartment of an excitatory synapse and 
are important for synaptic transmission (Yuste, 2011). Excitatory synaptic 
strength is correlated with spine morphology (Matsuzaki et al., 2004b) and 
changes in dendritic spines (density or size) have been shown to affect synaptic 
transmission (Chen et al., 2014). To address the impact of STIM2 knockdown on 
synaptic transmission, miniature excitatory post synaptic currents (mEPSCs) were 
recorded from STIM2 knockdown neurons using whole-cell patch clamp 
Figure 9. STIM2 is required for dendritic spines formation/maturation and 
dendrite branching. (A) Western blot analysis showing the efficiency of STIM1 and 
STIM2 shRNA in primary hippocampal neurons (21DIV). (B) Maximal projection 
confocal images of hippocampal neurons (DIV 21) co-expressing mCherry and the 
indicated shRNAs. For rescue experiments, STIM2 shRNA#1 was co-expressed with 
YFPSTIM2. (C) Quantification of spine density and spine type for conditions shown 
in (B) using NeuronStudio software. At least 50 dendritic segments comprising > 850 
spines from three independent experiments were scored for each condition. (D) 
Quantification of dendritic spine area for the conditions shown using Metamorph 
software. At least 900 dendritic spines from three independent experiments were 
scored for each condition. (E) Low magnification (10X) confocal images of CA1 
pyramidal neurons in organotypic slices (DIV 14-16) biolistically transfected with 
scr. or STIM2 shRNAs vectors co-expressing GFP (or mCherry, not shown). Primary 
and secondary apical dendrites (white box) were selected for high-resolution 
dendritic spine analysis. Nuclei are stained with Hoechst (blue). Scale bar: 50 μm. (F) 
CA1 neurons were biolistically transfected with the indicated shRNAs, or the STIM2 
shRNA#1 together with YFP-STIM2 for rescue experiments. Spines were imaged in 
distal apical primary and secondary dendrites. (G) Quantification of spine size and 
type. At least 45 dendritic segments comprising > 1000 spines in three independent 
experiments were analyzed for each condition. STIM2 silencing decreased spine 
density in both dissociated cultures and slices. ***, p < 0.001, ANOVA. The 
percentage of thin, stubby and mushroom spines was not significantly affected by 
STIM2 shRNA#1 or shRNA#2, p > 0.05, ANOVA. Scale bar: 5 μm. (H) Sholl 
analysis of the apical dendrites of CA1 pyramidal neurons expressing scr. shRNA (n 
= 30), STIM2 shRNA#1 (n = 22) or STIM2 shRNA#1 with YFP-STIM2 (n = 20). 
The Y axis corresponds to the number of apical dendrite intersections with concentric 
circles centred at the centroid of the cell body. STIM2 silenced cells show a 
significant decrease in the number of intersections between 50 and 100 μm from the 
soma. *, p < 0.05, unpaired t-test. Data in Figure 9A generated by and reproduced 




recordings (voltage clamp).  There was a clear reduction in both the frequency 
and amplitude of mEPSCs in STIM2 silenced hippocampal neurons. These 
defects were again rescued by the introduction of YFP-STIM2 (Figure 10A-D).  
 
A reduction in mEPSCs frequency can be attributed to either a reduction in 
synaptic vesicles release pre-synaptically or a reduction in synapse numbers (Del 
Castillo J, 1954; Redman, 1990; Stevens, 1993). The reduction in mEPSCs is 
unlikely due to a presynaptic defect because the mEPSCs were measured in 
sparsely-transfected neuron cultures with presynaptic inputs originating primarily 
from non-transfected cells, which is similar to the experimental design in Figure 
9B and F. Therefore, the reduction in mEPSC frequency is most likely to result 
from a reduction of synapses, consistent with the observed loss of dendritic 
spines. To test whether the mEPSC frequency reduction is due to a reduction in 
the number of synapses, neurons were stained for pre- (VAMP2) and post-
synaptic (Homer-1) markers. A synapse is scored by a puncta that is co-stained by 
both VAMP2 and Homer-1. Fewer synapses were observed in STIM2 silenced 
neurons than control cells (Figure 10E, F), which could explain the observed 
reduction in mEPSCs frequency.  
 
In contrast, a reduction in mEPSC amplitude is most likely to originate post-
synaptically through defects in glutamate receptors localization at the synapse 
and/or in their channel properties (Redman, 1990). During whole-cell patch clamp 
recordings, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 
60 
 
(AMPARs) are the main glutamate receptors that cause the neuron to depolarize 
as the resting potential is held at -70mV and thus a defect in AMPAR function 






3.5 STIM2 reciprocally regulates phosphorylation of GluA1 on Ser831 and 
Ser845 
The expression of GluA1 on the PM during LTP is dependent on the 
phosphorylation of GluA1. Two widely studied phosphorylation sites on GluA1 
are the Ser831 and Ser845. Phosphorylation of Ser831 by CaMKII and PKC 
regulates single-channel conductance of the AMPAR (Derkach et al., 1999) and 
also delivery of the AMPAR to the synapse (Hayashi et al., 2000).  
Phosphorylation of Ser845 by cAMP-dependent PKA increases channel open 
probability (Banke et al., 2000) and promotes surface expression of AMPARs 
(Esteban et al., 2003; Oh et al., 2006). Both pSer845 and pSer831 residues on 
GluA1 have been implicated in long-term potentiation (LTP) and long-term 
depression (LTD) in the hippocampus, two forms of synaptic plasticity which 
have been associated with learning and memory (Esteban et al., 2003; Lee et al., 
2010a; Lee et al., 2003; Makino et al., 2011).  
 
Figure 10. STIM2 shapes functional synaptic inputs. (A-D) whole-cell patch 
clamp recordings of hippocampal neurons (DIV 15-18) sparsely transfected with the 
indicated shRNA constructs. (A) Individual mEPSC traces of cells co-expressing the 
indicated shRNAs. STIM2 shRNA#1 was co-expressed with YFP-STIM2 for rescue 
experiments. (B-C) Quantification of mEPSCs frequency and amplitude (Scr, 23.2±2 
pA, 6.7 ±1.0 Hz, n=11; STIM2 shRNA#1, 15.0±0.6 pA, 2.9±0.3 Hz, n = 9; STIM2 
shRNA#1 + YFP-STIM2, 24.7±1.6pA, 6.4±0.5 Hz, n = 11; ** p < 0.01, ANOVA). 
(D) Cumulative distribution of mEPSCs amplitude. (E) Synaptic density measured in 
control and STIM2 silenced hippocampal neurons (DIV 21) by co-staining with a 
pre- (VAMP2) and post-synaptic (Homer1) markers. Scale bar: 5 μm. Overlapping 
VAMP2/Homer1 puncta are detected and scored (F) by a MATLAB script (see 
methods). Synaptic density per 10μm: scr. shRNA, 6.1±0.27, n = 15; STIM2 shRNA 
#1, 2.4±0.3, n = 17, p < 0.01, t-test. Data generated by and reproduced with 




To check the phosphorylation state of the AMPARs in neurons with STIM2 
silenced, primary hippocampal neurons were transduced with shRNA-expressing 
lentiviruses to knockdown STIM2. The Ser845 phosphorylation of GluA1 at 
steady state was not decreased at 14DIV old neurons but decreased dramatically 
in 21DIV primary hippocampal neurons (Figure 11A), an age where dendritic 
spines are already present. Together with results from 7C, where STIM2 levels 
peaks at 14DIV, it may be possible that STIM2 only plays a role in maintaining 
GluA1 S845 phosphorylation after a synapse has been formed or it may also be 
possible that STIM2 has a different role in GluA1 S845 phosphorylation at 
different developmental stages. However, another plausible explanation is there is 
less STIM2 knock out at 14DIV as compared to 21DIV and thus a weaker 
phenotype.  
 
The experiment was repeated with two different STIM2 shRNAs in 21 DIV old 
neurons (Figure 11B). Consistent with Figure 11A, S845 phosphorylation levels 
were dramatically reduced with two different STIM2 shRNA (Figure 11B). 
However, STIM2 silencing resulted in an increase in Ser831 phosphorylation with 
no change in total GluA1 levels (Figure 11B). Both the Ser845 and Ser831 
phosphorylation phenotypes were rescued by co-expression of YFP-STIM2 at a 
level comparable to endogenous STIM2 (Figure 11B).  
 
Ser845 phosphorylation is mediated by PKA, which is important for synaptic 
plasticity (Waltereit and Weller, 2003),  and PKA activity is dependent on cyclic 
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adenosine monophosphate (cAMP)-mediated dissociation of the regulatory 
subunit (rPKA) from the catalytic subunit (cPKA) (Skroblin et al., 2010). cAMP 
levels can be artificially raised to acutely activate PKA by treating neurons with 
forskolin (an adenylate cyclase agonist), and rolipram (a phosphodiesterase 
inhibitor), to inhibit the breakdown of cAMP. This is one of the way to trigger a 
process known as chemical LTP (cLTP) (Molnár, 2011), which has been reported 
to trigger AMPAR insertion, spine enlargement and LTP in slices (Kopec et al., 
2006; Otmakhov et al., 2004b). Under acute PKA activation using 
forskolin/rolipram cLTP, GluA1 Ser845 phosphorylation was induced robustly in 
control cells but was strongly inhibited (up to 80%) by two shRNAs against 
STIM2 (Figure 11B and C). The defect in phosphorylation can be rescued again 
by co-transduction with YFP-STIM2 (Figure 11B, C and D). One possible 
explanation for the decrease in the mEPSC amplitude may be the loss of GluA1 at 
the synapse and/or loss of channel properties as a result of decrease in GluA1 
Ser845 phosphorylation when STIM2 is knocked down. Taken together, these 
data shown that STIM2 is essential for GluA1 Ser845 phosphorylation and 






3.6 STIM2 does not affect adenylate cyclase and PKA activity 
STIM1 and SOCE have been shown to regulate cAMP levels through activation 
of adenylate cyclase in non-excitable cells (Lefkimmiatis et al., 2009). To 
Figure 11. Reciprocal regulation of GluA1 Ser831 and Ser845 phosphorylation 
by STIM2. (A) Immunoblot analysis of GluA1 S845 in hippocampal 14 DIV or 21 
DIV) transduced with either scrambled shRNA (scr) or STIM2 shRNA #1. (B-D) 
Immunoblot analysis of hippocampal neurons (DIV 21) transduced with the indicated 
shRNAs and YFP-STIM2 for rescue experiments. (A) Decreased pSer845 and 
increased pSer831 in neurons expressing STIM2 shRNA#1 and #2. Both 
phosphorylation phenotypes are rescued by co-expression of YFP-STIM2. (B) 
Immunoblot analysis of GluA1 pSer845 in cells treated with DMSO (vehicle) or 50 
μm forskolin / 0.1 μm rolipram for 30 min (same blot exposure for all conditions). 
(C) Quantification of GluA1 phospho-Ser845 signals by densitometry after 





examine if STIM2 can affect GluA1 Ser845 through adenylate cyclase, bulk 
cAMP levels and PKA activity were measured in hippocampal neurons by an 
enzyme-linked immunosorbent assay (ELISA) assay. There were no significant 
differences between control and STIM2 silenced neurons in resting cells, or after 
cLTP treatment (Figure 12A). Similar to cAMP levels, there was also no 
significant difference in PKA activity between control and STIM2 silenced 
neurons in neurons at steady state, or after cLTP treatment (Figure 12B). 
Together, these results suggest that STIM2 promotes GluA1 Ser845 
phosphorylation downstream of adenylate cyclase and PKA activation.  
 
To measure PKA activity and confirm the PKA ELISA data, an optimized 
fluorescence resonance energy transfer (FRET)-based sensor of PKA activity, 
AKAR3EV (Komatsu et al., 2011), was introduced in hippocampal neurons, 
together with scramble or STIM2 shRNA expressing vectors (Figure 12C).  The 
FRET sensor works as a distance-dependent intramolecular FRET biosensor that 
consists of a cyan fluorescent protein (CFP) tagged with a peptide that can be 
phosphorylated by PKA (Zhang et al., 2001), and yellow fluorescent protein 
(YFP) tagged with the phosphate binding domain of FHA1 (Komatsu et al., 
2011). Upon phosphorylation by PKA, the FHA1 domain will be able to bind to 
the phosphorylated peptide, thus bringing CFP close to YFP and allowing FRET 
to occur. Both the control and STIM2 silenced cells have similar starting 
AKAR3EV FRET signals and there was no significant difference in AKAR3EV 
FRET signals between control and STIM2 silenced cells upon cLTP (Figure 
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12D). The kinetics of PKA activation upon cLTP were also unaltered by STIM2 
knockdown and PKA activity even reached slightly higher levels in STIM2 
silenced cells, although this difference did not reach statistical significance 
(Figure 12E), which is similar to PKA activity measured using ELISA (Figure 







Figure 12. STIM2 knockdown does not affect cAMP production and PKA 
activity. (A, B) cAMP levels and PKA activity measured in DMSO or forsk/rolipr-
treated neurons (DIV 20-21) transduced with the indicated shRNAs (n = 5 for each 
condition). (C-E) AKAR3EV FRET measurements in neurons (DIV21) expressing 
mCherry and the indicated shRNAs. (C) AKAR3EV FRET is displayed as the 
FRET/CFP ratio and is shown in control and STIM2 silenced cells before and 3 min 
after forsk/rolipr addition. (D) Pair-wise analysis of AKAR3EV FRET in individual 
neurons before and 3 min after forsk/rolipr addition in control (n = 17) and STIM2 
silenced cells (n = 15). Cells were analyzed from three independent experiments. ** p 
< 0.01, paired t-tests. ns, non-significant ( p > 0.05). (E) fold-change in AKAR3EV 
FRET induced by forks/rolipr. The shaded areas represent SEM. The average fold 
increase in FRET in control and STIM2 silenced cells is not statistically different, p > 





3.7 STIM2 promotes exocytosis but inhibits endocytosis of AMPARs  
Phosphorylation of GluA1 on Ser845 can promote activity-dependent surface 
expression of AMPARs (Esteban et al., 2003; Oh et al., 2006) through promoting 
exocytosis and inhibiting endocytosis of the GluA1 (Man et al., 2007; Otmakhov 
et al., 2004a).  To determine if STIM2 is involved in the exocytosis of GluA1, a 
variant of GluA1 tagged with a pH-sensitive form of eGFP (Super Ecliptic 
pHluorin, SEP) (Miesenbock et al., 1998) at the N terminus was used to examine 
GluA1 exocytosis. The probe allows monitoring of AMPAR surface delivery, by 
imaging the increase of SEP-GluA1 fluorescence intensity upon exposure of SEP 
to the neutral pH of the extracellular environment (Kopec et al., 2006).  
 
To look at activity-dependent GluA1 exocytosis or insertion to the plasma 
membrane, cLTP using forskolin/rolipram was used to trigger GluA1 exocytosis. 
First, a clear insertion of GluA1 to the dendritic plasma membrane was observed 
in hippocampal neurons (DIV 18) co-electroporated with SEP-GluA1 and a 
control shRNA (mCherry) using time-lapse confocal imaging during cLTP 
(Figure 13A and B). The insertion of SEP-GluA1 mainly occurs in the dendritic 
shaft and rarely in dendritic spines, which has been reported in earlier work 
showing exocytosis of GluA1 to extrasynaptic sites following synaptic 
potentiation (Makino and Malinow, 2009). Second, there was a 25% increase in 
dendritic spine area after cLTP using in the same cells based on the mCherry 
fluorescence (Figure 13A and C), which is consistent with cLTP inducing spine 
enlargement (Kopec et al., 2006; Kopec et al., 2007). In contrast, SEP-GluA1 
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insertion in STIM2 silenced neurons was abolished with cLTP treatment (Figure 
13A and B), which can be explained with the loss of GluA1 Ser845 
phosphorylation when STIM2 is silenced (Figure 11C). cLTP-mediated spine 
enlargement in these cells was also strongly reduced (Figure 13A and C), 
suggesting STIM2 is also required for PKA-dependent structural plasticity.  
  
To study GluA1 endocytosis, an antibody reuptake assay was used to directly 
determine if STIM2 is necessary for activity dependent GluA1 endocytosis. 
Endogenous surface GluA1 with the N terminus facing the extracellular space 
was first bound to a GluA1 antibody, which recognizes the N terminus of GluA1, 
at 4
o
C. The endocytosis of the antibody-receptor complex was allowed to proceed 
for 37
o
C for 30 minutes in presence of forskolin/rolipram. Any excess antibodies 
that are still bound to surface GluA1 are washed away using an acid wash. 
Analysis of the endocytosed GluA1 puncta showed a ~60% increase in GluA1 
uptake in STIM2 silenced cells as compared to the control cells (Figure 13D and 
E). Together, these data show that STIM2 promotes activity dependent PKA-
dependent AMPAR surface expression by both enhancing exocytosis and 









3.8 STIM2 forms a complex with GluA1 and AKAP150/PKA and couples 
PKA to GluA1     
The data so far indicate that STIM2 is essential for PKA-dependent 
phosphorylation and surface expression of GluA1. Our results further suggest that 
STIM2 operates downstream of cAMP in regulating GluA1 Ser845 
phosphorylation, through a mechanism that remains to be elucidated. In neurons, 
PKA is brought in close proximity to GluA1 by the synaptic scaffold AKAP150 
(AKAP79 in humans) (Colledge et al., 2000; Hoshi et al., 2005).  
 
To probe the interaction of STIM2 with GluA1, GluA1 was immunoprecipitated 
from adult rat brain lysates using GluA1 antibodies. Endogenous STIM2 was 
efficiently pulled down by IP of GluA1 from adult rat brain lysates (Figure 14A). 
As expected, the interacting partners of GluA1 such as AKAP150, and both rPKA 
Figure 13. STIM2 mediates cAMP-dependent surface delivery of GluA1. (A-C) 
Hippocampal neurons (DIV 17-19) co-electroporated with scramble or STIM2 
shRNA#1 (mCherry) and SEP-GluA1 were imaged by dualcolor confocal 
microscopy during stimulation with forsk/rolipr. (A) SEP-GluA1 and mCherry 
fluorescence shown before and 30 min after forsk/rolipr treatment in control (left) 
and STIM2 silenced cells (right). SEPGluA1 intensity is color-coded. The arrows 
show examples of spines that have undergone forsk/rolipr-induced enlargement. 
Scale bar: 5 μm. (B) Average change in SEP-GluA1 intensity in control and STIM2 
silenced cells measured in 16 dendritic segments from 4 independent experiments for 
each condition. Error bars, SEM. (C) Pair-wise analysis of individual spine surface 
area before and after forks/rolipr in control and STIM2 silenced neurons. *** p < 
0.001, ** p < 0.01, paired t-tests. (D) GluA1 endocytosis assay. Surface GluA1 in 
control or STIM2 silenced neurons (DIV20) was bound to an Ab at 4
o
C and the Ab-
receptor complex allowed to internalize for 30 min at 37
o
C in presence of 
forks/rolipr. Surface Abs were stripped after incubation at 4
o
C (control) or 37
o
C. 
Endocytic GluA1 puncta located in mCherry-expressing dendrites were then 
segmented and scored using a MATLAB-based script. Scale bar: 10 μm. (E) Average 
density of GluA1 endocytic puncta. More than 50 dendritic segments from three 




and cPKA were also co-immunopurified. Likewise, YFP-STIM2, AKAP150, 
rPKA and cPKA were co-purified in GluA1 IPs prepared from hippocampal 
neurons transduced with YFP-STIM2 (Figure 14B). In the converse IP 
experiment, YFP-STIM2 efficiently pulled down GluA1, AKAP and the two PKA 
subunits (Figure 14C).  
 
To determine whether STIM2 is required for AKAP-dependent coupling of PKA 
to GluA1, GluA1 was immunoprecipated from neurons transduced with scramble 
or STIM2 shRNAs. STIM2 depletion strongly reduced co-IP of AKAP150 and 
rPKA, and completely disrupted binding of cPKA to GluA1 (Figure 14D). 
Interaction of both PKA subunits and AKAP150 with GluA1 was partially 
restored with the expression of YFP-STIM2 as a rescue (Figure 14D). The results 
show that STIM2 is part of a complex that consists of the AMPAR, AKAP150 
and PKA and   mediates GluA1 Ser845 phosphorylation by enforcing proximity 
between GluA1 and AKAP150/PKA.   
 
In STIM2 silenced neurons, less AKAP150 was co-immunoprecipitated from 
GluA1 (Figure 14D). One possible explanation for this could be mislocalization 
of AKAP150 in STIM2 silenced cells. To test this hypothesis, neurons were 
transfected with either the control scrambled shRNA or STIM2 shRNA and 
stained for AKAP150 and GluA1. Preliminary data does not suggest any major 
difference in the localization of AKAP150 in control or STIM2 silenced neurons. 
AKAP150 is mostly localized to the plasma membrane in neurons transfected 
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with the scr shRNA but AKAP150 localization appears to be more punctate in the 
dendritic shaft of STIM2 silenced neurons (Figure 14E). This possible 
relocalization to the dendritic shaft could reflect the fact that STIM2 silenced 
neurons display fewer dendritic spines. To confirm if localization of AKAP150 is 
dependent on STIM2, the localization of endogenous or overexpressed AKAP150 
should be studied at different neurodevelopmental stages before and after the 




Figure 14. STIM2 forms a complex with AKAP150, PKA and GluA1 and is 
required for GluA1 to interact with AKAP150/PKA. (A) Co-IPs from adult rat 
brains (B) Co-IPs from GluA1 in primary hippocampal neurons (21DIV) transduced 
with YFP-STIM2 (C) Reverse Co-IPs from GFP in primary hippocampal neurons 
transduced with YFP-STIM2 adult rat brains (D) Co-IP fromGluA1 in hippocampal 
neurons (21DIV) transduced with the indicated shRNAs and rescue. Fractions were 
immunoblotted with the indicated Abs. The ratio indicated in the input lane reflects 
the fraction of input loaded relative to the IP fraction. (E) Immunocytochemistry of 
primary hippocampal neurons (21DIV) transfected with either scrambled or STIM2 
shRNA and stained for AKAP150 and GluA1. Data in Figure 14A-D generated by 





3.9 The STIM2 SOAR domain mediates PKA-dependent phosphorylation of 
GluA1 and is important for dendritic spine morphogenesis 
The STIM-Orai-Activating-Region (SOAR) domain in the cytoplasmic region has 
been implicated in SOCE activation (Wang et al., 2014) and Cav1.2 inhibition 
(Park et al., 2010; Wang et al., 2010b). Hence, the cytoplasmic region of STIM2 
is a potential candidate for interacting with GluA1 and AKAP150/PKA complex. 
Two STIM2 mutants, lacking the entire cytoplasmic moiety (YFP-STIM2Δcyto), 
or the SOAR domain (YFP-STIM2ΔSOAR) were created (Figure 15A) and 
transfected into primary hippocampal neurons to address if the cytoplasmic region 
of STIM2 is important for the interaction of GluA1 with AKAP150/PKA.  
 
Both YFP-STIM2Δcyto and YFP-STIM2ΔSOAR retain their ER localization as 
compared toYFP-STIM2 and can also be found in dendritic spines (Figure 15B). 
This suggests that ER and transmembrane domains are sufficient to retain STIM2 
in the ER and that STIM2 is localized to dendritic spines because of ER presence 
in the dendritic spines. However, one difference is that YFP-STIM2ΔSOAR is 
localized into puncta, while YFP-STIM2Δcyto is more evenly distributed (Figure 
15B), which is consistent with the literature suggesting that the C terminus of 
STIM2 is important for puncta formation (Baba et al., 2006; Deng et al., 2009; Li 
et al., 2007; Park et al., 2009; Williams et al., 2001) 
 
To determine which region of STIM2 is important for regulating the S845 
phosphorylation of GluA1, hippocampal neurons were transduced with YFP-
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STIM2Δcyto, YFP-STIM2ΔSOAR and YFP-STIM2.  The overexpression of 
YFP-STIM2 led to an increase in Ser845 phosphorylation compared to non-
transfected cells, suggesting a gain of function (Figure 15C). On the other hand, 
YFP-STIM2Δcyto and YFP-STIM2ΔSOAR led to a decrease in GluA1 Ser845 
phosphorylation in either resting cells or after cLTP treatment (Figure 15C and 
D), suggesting that they act in a dominant-negative manner. Furthermore, we 
observed a marked reduction in the interaction of AKAP150 and cPKA and 
endogenous STIM2 with GluA1 in neurons transduced with YFP-STIM2 WT, 
Δcyto or ΔSOAR mutants (Figure 15E). This suggests that the SOAR   region of 
STIM2 is crucial for the interaction of STIM2, AKAP150 and cPKA with GluA1, 
which drives GluA1 S845 phosphorylation.  
 
To determine the impact of the STIM2 mutants on dendritic spines, neurons were 
transfected with YFP-STIM2Δcyto and YFP-STIM2ΔSOAR. Overexpression of 
YFP-STIM2 led to an increase in dendritic spine size area (Figure 15B and F). In 
contrast, the overexpression of the YFP-STIM2Δcyto and YFP-STIM2ΔSOAR 
mutants led to a reduction of spine head size and spine density (Figure 15B, F and 
G). The size and maturity of a dendritic spine has been linked to the expression of 
AMPAR on the dendritic spine (Hanley, 2008; Hering and Sheng, 2001; 
Matsuzaki et al., 2001). One possible explanation for the reduction in dendritic 
spine head size is the decrease of GluA1 in synapses as a result of reduced GluA1 
S845 phosphorylation when either of the STIM2 mutants is expressed. However, 
it is also possible that the dendritic spine phenotype may not be related to 
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AMPAR. Based on the results, the SOAR domain is important for mediating the 







Figure 15. The STIM2 SOAR domain mediates phosphorylation of and 
interaction with GluA1. (A) Cartoon showing the primary sequence of YFP-STIM2 
WT, ΔSOAR and Δcyto. (B) Hippocampal neurons (21 DIV) coexpressing mCherry 
and the indicated YFP-STIM2 variants. Scale bar: 10 μm. Both YFP-STIM2 and 
YFPSTIM2ΔSOAR are localized to puncta, while YFP-STIM2Δcyto is more evenly 
distributed. Spine size and density is reduced in neurons expressing YFP-
STIM2Δcyto and YFP-STIM2ΔSOAR. (C-E) Cortical neurons (21DIVs) transduced 
with YFP-STIM2 WT and mutants. (C) Immunoblot analysis of GluA1 pSer845 in 
cells expressing the indicated constructs and treated with DMSO (vehicle) or 
forsk/rolipr for 30 min. NT: nontransduced cells. (D) Densitometry analysis of 
pSer845 after forsk/rolipr treatment from four independent experiments. (E) IPs from 
cells overexpressing YFP-STIM2 WT, Δcyto or ΔSOAR with GluA1 Ab or control 
IgG. Lysates are the same used in (C, DMSO). Note the marked decrease in 
endogenous STIM2, AKAP and cPKA pulled down from cells expressing the STIM2 
mutants. (F, G) Distribution of spine size (area) (F) and spine density (G) scored in 
neurons transfected with the indicated constructs or mock-transduced. More than 400 
spines from three independent experiments were analyzed for each condition. *** p < 
0.001, ANOVA. Data in Figure 15C-E were generated by and reproduced with 




3.10 SOCE does not seem to be required for dendritic spine morphogenesis 
Neuronal SOCE has been detected in recent studies and STIM2 knockout results 
in lower ER calcium levels and SOCE in neurons (Berna-Erro et al., 2009; Sun et 
al., 2014). To address if SOCE is necessary for dendritic spine morphogenesis, a 
SOCE deficient STIM2 mutant was created by mutating the first two amino acids 
of the SOAR domain (LQ347/348AA) (Yuan et al., 2009). The STIM1 version of 
this mutant is still able to sense ER Ca
2+
 depletion and also interact with Orai1, 
but is incapable of activating Orai channels and activate SOCE (Yuan et al., 
2009). When expressed in neurons, STIM2 LQAA is still localized to the 
dendritic spines (arrows in Figure 16A) and the expression is similar to YFP-
STIM2.  
  
The preliminary data also suggests that neither dendritic spine density nor the 
dendritic spine area were affected when STIM2 LQAA was overexpressed in 
primary hippocampal neurons in comparison to overexpression of YFP-STIM2 
(Figure 16B and C), suggesting SOCE is not necessary for dendritic spine 
formation/maturation. However, neuronal SOCE has to be measured in neurons 
overexpressing the STIM2 LQAA mutant to determine if SOCE is necessary for 
dendritic spine morphogenesis as the construct has only been tested in non-






3.11 STIM2 translocates to puncta in response to cLTP and promotes local 
assembly of a STIM2-AKAP150/PKA-GluA1 signaling complex 
STIM2 is required for GluA1 S845 phosphorylation in response to cLTP (Figure 
11C). To address where STIM2 mediates GluA1 S845 phosphorylation, YFP-
STIM2 was imaged in hippocampal neurons during cLTP using live-cell confocal 
imaging. YFP-STIM2 is redistributed into puncta in dendritic shafts (Figure 17A 
Figure 16. SOCE is not crucial for STIM2 dependent dendritic spine 
morphogenesis and remodelling. (A) Confocal image of a hippocampal neuron co-
transfected with either YFP-STIM2 or YFP-STIM2 LQAA (green) and mCherry 
(red), and stained for GluA1 (blue). Localisation of YFP-STIM2 LQAA is similar to 
YFP-STIM2 and can be found in dendritic spines. (B, C) Distribution of spine 
density (B) and spine area (C) in neurons co-transfected with the either YFP-STIM2 
or YFP-STIM2 LQAA and mCherry. At least 50 dendritic segments comprising > 





and B) and is able to translocate in dendritic spines in response to cAMP elevation 
(Figure 17C). In addition, more STIM2 is co-immunopurified with GluA1 after 
cLTP (Figure 17D). Therefore, cAMP is able to promote STIM2 puncta 
formation, which may be a possible site for the local assembly of a STIM2-
AKAP/PKA-GluA1 signaling complex.   
 
 
Figure 17. cAMP can trigger STIM2 puncta formation and translocation into 
dendritic spines. (A-C) Hippocampal neurons (DIV 21) electroporated with YFP-
STIM2 and mCherry and imaged by live-cell confocal microscopy during forsk/rolipr 
treatment. (A) Confocal image of a dendritic segment before and 30 min after 
forsk/rolipr addition. Note the redistribution of YFP-STIM2 in puncta along the 
dendritic shaft. (B) Quantification of YFP-STIM2 re-localization to puncta by a 
custom-written granularity script (see methods). n = 9. Shaded error bars indicate 
SEM. (C) Dual-color imaging showing cAMP-induced redistribution of YFPSTIM2 
(green) in dendritic spines labelled with mCherry (magenta). Snapshots are shown 
before and 30 min after forsk/rolipr addition. Arrows indicate spines with increased 
YFP-STIM2 intensity after cAMP elevation. (D) Co-IPs of cortical neurons (DIV 21) 
treated with DMSO (vehicle) or forsk/rolipr for 30 min with a GluA1 Ab or control 





3.12 Other possible impact of STIM2 on post-synaptic components  
Dendritic spines contain a specialized cytoskeleton of dynamic filamentous actin 
(F-actin) and this allows dendritic spines to be highly dynamic in both shape and 
size (Hotulainen and Hoogenraad, 2010; Oertner and Matus, 2005). F-actin is  
regulated by Ca
2+
 (Oertner and Matus, 2005) and it has been shown that dendritic 
spines are lost when actin polymerization is disrupted (Kim et al., 2013a). To test 
the possibility that STIM2 regulates actin dynamics, neurons were stained with 
Phalloidin Rhodamine, which binds F-actin. The F-actin staining is similar in the 
control and STIM2-knockdown neurons, suggesting that F-actin distribution is not 
affected (Figure 18A). However, it may still be possible that actin polymerization 
and turnover are affected and this can be addressed by using live imaging and 
techniques such as fluorescent recovery after photobleaching to look at actin 
dynamics.   
 
Homer-1 is a scaffold protein that is enriched in dendritic spines and is important 
for dendritic spines formation (Jaubert et al., 2007). Homer binds to proteins such 
as group 1 metabotropic glutamate receptors, IP3R and ryanodine receptors and 
has also been shown to modulate intracellular signaling in neurons (Fagni et al., 
2002; Xiao et al., 2000). To understand if the synaptic scaffold proteins are 
affected in STIM2 silenced neurons since STIM2 might be a scaffold protein at 
the plasma membrane, Homer1 was stained in STIM2 silenced neurons. A 
staining of Homer in STIM2 silenced neurons showed that Homer can still be 
found in immature looking dendritic spines (arrows in Figure 18B) but the 
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majority of Homer is distributed to the dendritic shaft as compared to the control 
and STIM1 silenced neurons (Figure 10E and 18B). A possible explanation for 
this is the loss of dendritic spines when STIM2 is silenced and thus Homer is 
concentrated to the dendritic shaft. But it is still possible that the synaptic scaffold 
is disrupted as a result of STIM2 knockdown. This can be addressed by looking at 
the localization of Homer before the formation of synapses in STIM2 silenced 
neurons and also if STIM2 silencing can disrupt the interaction of Homer1 with 
its interacting partners. 
 
Another possible mechanism in which dendritic spine morphogenesis is affected 
when STIM2 is silenced is through cAMP/Ca
2+
 response element-binding protein 
(CREB).  CREB is a nuclear factor that is activated and binds to DNA to regulate 
transcription when it gets phosphorylated by PKA (Benito and Barco, 2010; 
Kandel, 2012; Kim et al., 2013b; Sakamoto et al., 2011). CREB is involved in late 
phase LTP and CREB has been shown to be important for dendritic spine 
formation (Benito and Barco, 2010; Kandel, 2012; Kim et al., 2013b; Sakamoto et 
al., 2011). Therefore, it may be possible that STIM2 can affect the activity of 
CREB through PKA dependent signaling pathways, which will in turn lead to less 
dendritic spines formation. To determine if CREB is affected when STIM2 is 
silenced, both phospho-CREB (S133) and CREB were immunoblotted. 
Preliminary data showed that pCREB levels reduced at 21DIV when synapses are 
formed (Figure 18C). This is similar to S845 phosphorylation trend (Figure 11A), 
suggesting that STIM2 only affects synaptic activity when synapses are formed. 
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Therefore, it is possible that STIM2 may affect dendritic spine morphogenesis 
through CREB but it is unknown how STIM2 can regulate the activity of CREB, 




Figure 18. Other potential mechanism in which STIM2 may affect spinogenesis. 
(A) Hippocampal neurons (DIV 21) transfected with either scrambled or STIM2 
shRNA and stained with phalloidin rhodamine to check for F-actin distribution. (B) 
Hippocampal neurons (DIV 21) transfected with either scrambled, STIM1 shRNA or 
STIM2 shRNA and stained with Homer. (C) Immunoblot analysis of phosphor-
CREB (pCREB), CREB and GluA1 in hippocampal neurons (21 DIV) transduced 





This study has clearly demonstrated that the ER Ca
2+
 sensor, STIM2, is important 
for dendritic spine morphogenesis and can form a complex with AKAP150/PKA-
GluA1 to regulate GluA1 S845 phosphorylation, although it is unknown if these 
two events are related. This is a novel function for STIM2, a protein that resides 
exclusively in the ER (Ercan et al., 2012), and provides a mechanism by which 
the ER may specifically and locally regulate synaptic structure and function. In 
this section, the implications of these findings and the shortfalls will be addressed.  
 
4.1 STIM2 regulates dendritic spine morphogenesis  
A recent study has shown the correlation between reduced levels of STIM2 and 
reduction of mature spines phenotype, which can be rescued by the ectopic 
expression of STIM2, in a presenilin-1 (PS1) mouse model (M146V) of familial 
Alzheimer’s disease (Sun et al., 2014). In addition, cre-mediated excision of 
STIM2 in hippocampal neurons of floxed STIM2 mice also resulted in a decrease 
in the fraction of mushroom spines (Sun et al., 2014), thus providing independent 
evidence for a role of STIM2 in dendritic spine maturation. The defect in 
dendritic spine maturation was attributed to a reduction in synaptic SOCE and 
CaMKII signaling, which is important for synaptic plasticity (Sun et al., 2014). 
Together with the results in this thesis, it is also possible that STIM2 may regulate 
hippocampal dendritic spine remodeling through a PKA dependent pathway, 
which has been implicated in spine growth and remodeling (Robertson et al., 




In addition, the size and maturity of a dendritic spine has a tight correlation with 
the expression of AMPARs on the dendritic spine (Hanley, 2008; Hering and 
Sheng, 2001; Matsuzaki et al., 2001). AMPARs have been shown to be assembled 
in the ER and then exported to the Golgi (Ziff, 2007) and it has been proposed 
that AMPARs can directly (Passafaro et al., 2003) or indirectly (McKinney, 2010) 
induce spine morphogenesis and remodeling. It is thus possible that STIM2 may 
regulate dendritic spine size and maturation by controlling the synaptic 
recruitment of AMPAR through a PKA dependent pathway in response to 
synaptic activity.  
 
PKA is localized and sequestered by AKAP150 to neuronal postsynaptic 
membrane such as dendritic spines (Carr et al., 1992; Colledge and Scott, 1999; 
Smith et al., 2006a). The expression of fluorescent-tagged cPKA and/or rPKA in 
neurons can be used to address if the localization of PKA in neurons is dependent 
on STIM2. To address if PKA activity is really involved in the spine phenotype 
when STIM2 is silenced, a constitutively active cPKA subunit can be used to try 
to rescue the dendritic spine phenotype. In addition, to determine if the decrease 
in GluA1 S845 phosphorylation is also responsible for the dendritic spine 
phenotype, a constitutively active GluA1 mutant (S845D) can be used to rescue 





4.2 Formation and/or maturation of dendritic spines 
Dendritic spines have been proposed to first form as dendritic filopodia  before 
maturing into a dendritic spine, although spines may also be formed without a 
filopodium-intermediate state (Kwon and Sabatini, 2011). There are currently two 
models for the formation of dendritic spines from filopodia. One, dendritic 
filopodia first grow and then search and recruit for a presynaptic partner. Two, a 
presynaptic connection is made on the dendritic shaft, forming a synapse and this 
is followed by extension and formation of spines (Segal and Korkotian, 2014; 
Yoshihara et al., 2009). However, in both scenarios, the newly formed dendritic 
spines require maturation after formation. Immature spines usually have a smaller 
dendritic spine head and lack signaling capabilities as compared to mature 
dendritic spines (Yoshihara et al., 2009).  Similar phenomenon were observed in 
the current study (Figure 9C, D and G) which is also in agreement with the 
phenotype observed in the recent study on STIM2 (Sun et al., 2014). In addition, 
there is less GluA1 S845 phosphorylation with cLTP treatment when STIM2 is 
silenced (Figure 11C), suggesting that there may be less AMPAR that are inserted 
into the dendritic spines (Figure 13A) (Esteban et al., 2003; Oh et al., 2006). Less 
AMPARs in dendritic spines have been linked to the immaturity of dendritic 
spines (Hanley, 2008; Hering and Sheng, 2001; Matsuzaki et al., 2001). 
 
To address if STIM2 is required for the maturation of dendritic spines, STIM2 can 
be silenced when dendritic spines are already formed at 21DIV. The number and 
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type of dendritic spines can then be checked at a later stage (28DIV) and 
compared to the numbers on 21DIV.  
 
4.3 Silent Synapses 
Although AMPARs have been implicated in synapse formation and maturation, a 
subset of dendritic spines, known as silent synapses can still form without 
AMPARs (Hanse et al., 2013). Silent synapses are excitatory glutamatergic 
synapses where the postsynaptic membrane contains only NMDARs and no 
AMPARs. Since AMPARs are required for depolarization of the synapse and 
removal of the Mg
2+
 block in NMDARs, silent synapses are unable to respond to 
any synaptic vesicles released from the presynaptic compartment. Thus, with less 
GluA1 inserted into the synapse as a result of STIM2 silencing, it may be possible 
that the remaining synapses in STIM2 silenced neurons are silent to some extent 
as mEPSCs are still measured. This may also explain the reduction in mEPSCs 
amplitude, although it may also be possible that the conductance of AMPARs is 
also affected. The presence of silent synapses can be checked by measuring 
mEPSCs at a resting membrane potential of -40mV, where the NMDARs can be 
activated at this resting potential.  
 
4.4 Role of Ca
2+
 in STIM2-dependent dendritic spine morphogenesis and 
remodeling 
The main function of STIM2 is to sense a depletion of ER Ca
2+
 and regulate ER 
Ca
2+ 
homeostasis through SOCE in non-neuronal cells (Brandman et al., 2007). 
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However, the presence of SOCE in neurons has been widely debated. The lack of 
a reliable neuronal SOCE response has been reported in previous reports (Bouron 
et al., 2005; Garcia-Alvarez et al., 2015; Park et al., 2010), though neuronal 
SOCE has been successfully detected in other recent studies (Berna-Erro et al., 
2009; Sun et al., 2014). However, the presence of neuronal SOCE cannot be 
dismissed until proven, especially since it provides an attractive model for rising 
intracellular Ca
2+
 within a dendritic spine to regulate synaptic plasticity. 
 
A recent study has shown that Ca
2+
 entry through STIM2-dependent SOCE can 
regulate CaMKII to affect dendritic spine maturation and thus regulating synaptic 
plasticity (Sun et al., 2014). On the other hand, the use of the SOCE defective 
mutant, YFP-STIM2 LQAA, seemed to suggest that SOCE is not essential for 
dendritic spine morphogenesis and remodeling (Figure 16A). Overall cAMP 
levels were also not affected (Figure 12A), which is dependent on Ca
2+
 levels and 
CaMKII (Ferguson and Storm, 2004; Potter et al., 1980). In addition, activation of 
STIM2 has been shown to mediate slower Orai1 activation than STIM1 (Parvez et 
al., 2008; Zhou et al., 2009). Therefore, it is unlikely that overall Ca
2+
 levels in 
the neurons are drastically affected by STIM2 silencing. STIM2 may have 
evolved a new function in dendritic spine morphogenesis and remodeling that is 
SOCE independent by forming a signaling complex with AKAP150/PKA-GluA1 




The impact of Ca
2+
 influx, ER Ca
2+
 depletion and cytosolic Ca
2+
 changes on how 
STIM2 can mediate dendritic spine morphogenesis and PKA-dependent GluA1 
S845 phosphorylation should also be determined. For example, can ER Ca
2+
 
depletion activate STIM2 to trigger dendritic spine morphogenesis and 
remodeling and also PKA-dependent GluA1 S845 phosphorylation? This can be 
addressed by using an EF-hand dominant positive mutant of STIM (D76A), which 
mimics a constitutive active STIM that transmits ‘‘empty store’’ signal regardless 
of actual Ca
2+
 level in ER (Klejman et al., 2009). The use of drugs such as 
thapsigargin or cyclopiazonic acid can also be used to deplete ER Ca
2+
 (Emptage 
et al., 2001).   
 
4.5 STIM2 versus STIM1 in dendritic spine morphogenesis and remodeling 
Both STIM1 and STIM2 are highly conserved, except for variations in their 
amino-terminal, and carboxy-terminal segments (Berna-Erro et al., 2012; Deng et 
al., 2009; Soboloff et al., 2012).  The presence of STIM2 in dendritic spines can 
be attributed to the presence of the ER in the dendritic spines, which can explain 
why  STIM1 can be also found in dendritic spines (Segal and Korkotian, 2014).   
 
In agreement with the recent study (Sun et al., 2014) , STIM2 is the only STIM 
isoform that can affect dendritic spine morphogenesis and remodeling. The 
cytoplasmic and SOAR domains of STIM2 were shown to be important for 
dendritic spine morphogenesis and remodeling. However, it is unknown whether 
the dendritic spine phenotype is caused by the failure of STIM2 to form a 
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complex with AKAP150/PKA-GluA1 to regulate PKA-dependent 
phosphorylation of GluA1 on Ser845 (Figure 15C, E, F and G). The SOAR 
domain between STIM1 and STIM2 shows very little variation (Figure 19) and 
thus it is possible that STIM1 may be able to rescue the phenotype observed when 
STIM2 is silenced. However, when STIM1 is silenced in hippocampal neurons, 
no phenotype on dendritic spines was observed (Figure 9B and C). Hence, it is 
unlikely that STIM1 plays a role in dendritic spine morphogenesis and 
remodeling.  
 
A possible explanation for this is the differences in the cytoplasmic domain 
between STIM2 and STIM1 (Figure 19). (i), STIM2 has a proline/histidine rich 
motif while STIM1 has a proline/serine rich motif at the similar position 
(Soboloff et al., 2012). The function of the proline/histidine rich region is 
currently unknown. (ii), the C-terminal of both STIM isoforms differs 
significantly. The Lys-rich C-terminal end of STIM1 has been shown to be 
important for puncta formation, by interacting with acidic phospholipids at the 
plasma membrane, and allowing the activation of Orai for SOCE channels (Liou 
et al., 2007; Park et al., 2009; Yuan et al., 2009). The extreme C-terminus of 
STIM2 (~200 residues) has also been shown to maintain STIM1 in an inactivate 
state when ER Ca
2+
 stores are full and thus is thought to function sterically as 
intramolecular shields to occlude the SOAR region (Yu et al., 2011). This region 
is absent in D. melanogaster, suggesting that STIMs may have evolved new 




To pinpoint the region of STIM2 that is important for the phenotypes observed in 
STIM2 silenced neurons, the proline/histidine rich motif or the extreme C-
terminus region of STIM2 can be deleted to check for phenotypes similar to 
STIM2 silenced neurons. In addition, the phenotypes observed in STIM2 silenced 
cells can also be rescued with STIM1 chimera containing STIM2 motifs. For 
example, the proline/serine rich motif of STIM1 can be substituted with the 
proline/histidine rich motif of STIM2. The C-terminus replaced of STM1 can also 






Figure 19. Sequence alignment between STIM1 and STIM2. Similar regions are 
highlighted in blue while differences are in black.  The major domains have been 
described and shown in Figure 5. Adapted from Soboloff, J., B. S. Rothberg, et al. 




4.6 STIM2 and Orai in synaptic plasticity 
The plasma membrane calcium channel, Orai, can be found be in different parts 
of the brain (Gross et al., 2007; Gwack et al., 2007) and has been shown to be also 
important for synaptic plasticity through regulating ER Ca
2+
 stores (Korkotian and 
Segal, 2011) . Recently, Orai has been shown to interact with AKAP79, the 
human analog of AKAP150, to recruit the  phosphatase, calcineurin, into a 
membrane signaling complex that is ER Ca
2+
 store dependent in HEK293 cells 
(Kar et al., 2014).  
 
Although Orai was not investigated in this study, it is possible that STIM2 
functions with or through Orai to regulate the dendritic spine phenotype by 
forming a signaling complex with AKAP150/PKA and GluA1 to regulate GluA1 
S845 phosphorylation. The SOAR domain is important for the interaction and 
activity of Orai channels (Yuan et al., 2009) and YFP-STIM2ΔSOAR mutant was 
unable to interact with AKAP150, PKA and GluA1 (Figure 15E) and also had a 
reduction in dendritic spines (Figure 15G). In addition, as compared to the YFP-
STIM2ΔSOAR mutant, the loss in dendritic spine phenotype was not manifested 
in the YFP-STIM2 LQAA, a mutant which can still interact with Orai but not 
activate Orai in HEK cells (Yuan et al., 2009). Thus it is still possible that Orai 
interaction with STIM2 is necessary for the signaling complex to form. To 
address if Orai is important, GluA1 or STIM2 can be pulled down to check for the 
presence of Orai together with AKAP150 and PKA. GluA1 can also be pulled 
down in STIM2 silenced cells to check for the presence of Orai. If Orai is present 
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in the STIM2/AKAP150/PKA/GluA1 complex, a knockdown of Orai will be 
necessary to show that Orai is necessary for the signaling complex to form.  
 
4.7 STIM2 activation 
STIM proteins were first discovered to be activated in response to ER Ca
2+
 store 
depletion to trigger SOCE (Liou et al., 2005).  A recent study in pancreatic β cells 
showed that cAMP can trigger STIM1 translocation close to the plasma 
membrane without co-recruitment of Orai1 nor the activation of SOCE (Tian et 
al., 2012). Similarly, cAMP was also shown to be able to trigger STIM2 puncta 
formation and translocation into dendritic spines (Figure 17A and C), suggesting 
that Ca
2+
 dissociation from the STIM sensors is not an absolute requirement for 
STIM2 puncta formation and migration to the plasma membrane. cAMP is a 
secondary messenger that can regulate synaptic plasticity and memory formation 
through gene transcription and  PKA-dependent phosphorylation of synaptic 
targets (Waltereit and Weller, 2003). Thus based on the results, this is a novel 
way in which cAMP can fine tune synaptic plasticity directly through STIM2, but 
the exact mechanisms by which cAMP can trigger redistribution of STIM2 
remains unknown.  
 
However, it has been shown that cAMP can increase the sensitivity of IP3R to IP3 
(Rossi et al., 2012). STIM2 puncta formation and translocation to the plasma 
membrane may be simply due to more ER Ca
2+
 store depletion with increased 
sensitivity of the IP3R. This may prime the activation of STIM2 with synaptic 
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activation or cLTP where both the cAMP and Ca
2+
 pathways cooperate to 
increase the sensitivity of STIM2 to synaptic activity. To address if IP3R is 
necessary for STIM2 activation under cLTP, the IP3R inhibitor, Xestospongin C, 
can be used to block ER Ca
2+
 depletion through IP3R to check if STIM2 is 
activated or not under cLTP. If the activation of STIM2 by cAMP is through 
IP3R, STIM2 may regulate synaptic plasticity through both glutamate receptors 
(cAMP production) and metabotropic glutamate receptors (IP3R activation and 
also cAMP production). 
  
4.8 cLTP: Forskolin/Rolipram-induced cLTP vs Glycine-induced cLTP  
The cLTP protocol used in this study, with the adenylate cyclase activator, 
forskolin, and the phosphodiestarase inhibitor, rolipram, has been widely used in 
slice cultures and also dissociated hippocampal neuronal cultures (Molnár, 2011). 
The application of the two drugs bypasses the need for synaptic activation and 
raises the level of cAMP, which activates PKA. PKA dependent signaling 
pathways that underlies synaptic plasticity are then also activated (Otmakhov et 
al., 2004b). Thus, forskolin/rolipram induced cLTP is ideal for studying the 
connection on STIM2 and GluA1 S845 phosphorylation since the effect is direct.  
 
To determine if STIM2 can affect GluA1 S845 phosphorylation under synaptic 
activation, a glycine induced cTLP can be used. This protocol makes use of 
bicuculline, glycine and strychnine in an Mg
2+
 free environment  (Molnár, 2011). 
Bicuculline is a GABA receptor antagonist, while glycine is a NMDAR agonist 
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and strychnine prevents the inhibitory effects of glycine receptors, which allows 
the influx of chloride into the neuron. Hence this protocol makes use of the 
activation of NMDARs at the synapse upon synaptic activation from spontaneous 
release of glutamate pre-synaptically.  
 
The phosphorylation state of GluA1 can be checked with the glycine-induced 
cLTP protocol to confirm that STIM2 is also necessary for GluA1 S845 
phosphorylation under synaptic activation.  
 
4.9 STIM2 forming a complex with AKAP150, PKA and GluA1 
STIM2 is part of a protein complex comprising GluA1, PKA and AKAP150 and 
is required for GluA1 to interact with AKAP150 and PKA (Figure 14D). STIM2 
may form a protein complex indirectly with AKAP150, GluA1 and other binding 
partners. The assembly of this complex can take place in large dendritic spines, 
where STIM2, AMPARs and AKAP150 are known to reside, or at ER-PM 
contact sites in dendritic shafts or in the cell body, which contain the bulk of the 
ER.  
 
4.10 GluA1 phosphorylation and LTP/LTD 
LTP and LTD are two models of synaptic plasticity that have been associated 
with learning and memory, and both pSer845 and pSer831 residues play a 
regulatory role in LTP and LTD (Esteban et al., 2003; Lee et al., 2010a; Lee et al., 
2003; Makino et al., 2011). GluA1 pSer845 has been implicated in activity-
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dependent AMPAR surface delivery and plasticity and is dependent on 
AKAP79/150 and PKA. But the location of that phosphorylation event and the 
involvement of STIM2 with the known players are unclear.  
 
The phosphorylation of S845 residue has been implicated in LTP and is necessary 
for the insertion of GluA1 into the synapse. This is achieved by exocytosis of 
AMPARs to extra- or peri-synaptic sites, lateral recruitment to the synapse, and 
decreased AMPAR endocytosis (Ehlers, 2000a; Esteban et al., 2003; Makino and 
Malinow, 2009; Oh et al., 2006). STIM2 mediates at least 80% of GluA1 Ser845 
phosphorylation (Figure 11D) and is functioning downstream of adenylate cyclase 
and PKA (Figure 12A and B respectively) through the assembly of a protein 
complex consisting of GluA1, PKA and AKAP150. AKAP150 anchors PKA to 
dendritic spines (Carr et al., 1992; Colledge and Scott, 1999; Smith et al., 2006a) 
and is responsible for PKA regulation of AMPAR activity (Lu et al., 2008). It 
may be possible that STIM2 is required for the localization of AKAP/PKA to 
postsynaptic membrane (Figure 12C and 14F) and uncoupling of AKAP/PKA 
from GluA1 may explain the phosphorylation deficit detected in STIM2 silenced 
neurons. Thus, ER-PM junction sites between STIM2 and AKAP/PKA/GluA1 
could serve as sites for activity dependent insertion of AMPARs into the synapse 





The dephosphorylation of the S845 is also critical for LTD and it has been shown 
that LTD dissociates AKAP150 from the AMPAR complex (Smith et al., 2006b). 
We found that STIM2 is required for AKAP150 to interact with GluA1 but it is 
unknown if STIM2 also plays a part in dissociating AKAP150 from GluA1. 
 
Interestingly, in contrast to GluA1 S845, GluA1 S831 phosphorylation increases 
when STIM2 is silenced (5A). It has been shown that CamKII activity is 
decreased when STIM2 is silenced in neurons (Sun et al., 2014) and CamKII 
activity is required for GluA1 S831 phosphorylation (Lee et al., 2003). Thus, the 
increased in GluA1 S831 phosphorylation in STIM2 silenced neurons appears to 
be CamKII independent and of unknown mechanism. The S831 has been shown 
to be able to substitute S845 in mediating LTP in the hippocampus of S845A 
knockin mutant  mouse (Lee et al., 2010b) and is also involved in homeostatic 
plasticity (Goel et al., 2006), which is the ability of neurons to regulate their own 
excitability relative to network activity. Therefore, a possible explanation for the 
increase in S831 phosphorylation could be a compensatory mechanism for the 
decrease in S845 phosphorylation.  
 
4.11 STIM2 signals at ER-PM contact sites and enforces proximity between 
GluA1, AKAP150 and PKA 
The presence of ER-PM junction sites was first reported in muscles cells (Porter 
and Palade, 1957) using ultrastructural studies in the late 1950's. Subsequently, it 
was also discovered in neurons (Cui-Wang et al., 2012; Hayashi et al., 2008; 
98 
 
Rosenbluth, 1962) but the components of ER-PM junction in neurons still remains 
unknown. There are several criteria to classify an ER-PM junction site. (i) the ER 
and PM are in close proximity to create a restricted protein-rich cytoplasmic 
space. (ii) both the ER and the PM must still retain their identity and not fuse. (iii) 
the stability of the ER-PM junction sites can range from minutes to days 
(Carrasco and Meyer, 2011). In neurons, ER–PM contact sites can appear as 
discrete punctate regions at the presynaptic side (Hayashi et al., 2008) but appear 
more extensive (>1 μm) in the cell body, at bases of axons and dendrites, and at 
the PM of cells neighboring synaptic boutons (Rosenbluth, 1962).  
 
There are several evidences to suggest that STIM2 may mediate PKA dependent 
GluA1 phosphorylation at ER-PM contact sites.  (i) STIM2 puncta in the primary 
hippocampal neurons (Figure 8B and C) are most likely to correspond to ER-PM 
contact sites because cLTP is able to induce STIM2 puncta formation at the PM 
of neurons using Total Internal Reflection Fluorescence (TIRF) imaging (Garcia-
Alvarez et al., 2015) (ii) increasing the amount of cAMP triggers rapid 
translocation of YFP-STIM2 into puncta in the dendrites and dendritic spines 
(Figure 17A and C) and this also leads to more STIM2 co-immunopurified with 
GluA1 (Figure 17D). Localization at ER-PM junctions would therefore position 
STIM2 in close proximity to the plasma membrane and allow direct interaction 
with cytoplasmic domains of surface receptors to facilitate the phosphorylation of 
GluA1 S845 by PKA. The use of transmission electron microscope will be able to 




Another possibility is that STIM2 can interact with GluA1 at locations other than 
the PM. The assembly of AMPAR subunits occurs in the ER (Greger et al., 2007) 
and thus, it is tempting to speculate that STIM2 can also regulate the assembly or 
the exocytosis of the AMPARs at the ER. Local exocytosis of AMPARs at distal 
ER exit sites, in close proximity to ER-PM contacts, would provide tight spatial 
and temporal control for activity-dependent synaptic delivery of AMPARs. To 
address if STIM2 is able to interact with GluA1 in the ER, STIM2 can be pulled 
down from a brain ER fractionation to check for the presence of GluA1 and also 
the phosphorylation state of GluA1. 
 
In addition, recycling endosomes can also provide a mobilizeable pool of GluA1 
for plasticity. Indeed,   phosphorylation of the S845 residue is critical for surface 
delivery of GluA1 from   recycling endosomes (Ehlers, 2000a). To check if 
STIM2 interacts with GluA1 in recycling endosomes, the use of transmission 
electron microscope will be able to address if STIM2 is in recycling endosomes 
with GluA1. Another alternative is to make use of the antibody reuptake 
experiment (Figure 13D and E) to determine if endocytosed GluA1 colocalizes 
withYFP-STIM2 in early/recycling endosomes.   
 
4.12 Working model for STIM2-dependent phosphorylation of GluA1 and 
dendritic spine remodeling 
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With the majority of STIM2 puncta in the dendritic shaft, which are extrasynaptic, 
ER-PM junction sites in the dendritic shafts can be potential “hot spots” for 
STIM2-dependent AMPAR phosphorylation, to coordinate activity-dependent 
delivery and maintenance of AMPARs at synapses (Figure 20). 
 
The release of synaptic vesicles containing glutamate can trigger the following 
events: (i), glutamate can activate AMPARs and trigger the depolarization of the 
neuron. This allows for the activation of the NMDARs, which can allow the 
influx of Ca
2+
 into the neuron. VGCCs are also activated upon depolarization, 
which also allows the influx of Ca
2+
 into the neuron. The influx of Ca
2+
 will 
trigger the activation of Ca
2+
-dependentadenylate cyclase and thus increase the 
levels of cAMP (Wang and Zhang, 2012), which can directly or indirectly activate 
STIM2. 
 
 (ii), glutamate can also activate metabotropic glutamate receptors (mGluRs), 
which can also be found on dendrites (Luján et al., 1997). The activation of 
mGluRs is able to activate IP3Rs on the ER, which are primed by cAMP (Rossi et 
al., 2012), and thus depleting the ER Ca
2+
 store. This depletion of ER Ca
2+
 stores 
is also able to activate STIM2.  
 
Upon the activation of STIM2, STIM2 will translocate to ER-PM contact sites, 
where AKAP150/PKA is recruited to phosphorylate GluA1 at S845. The 
phosphorylation of GluA1 at S845 allows more AMPARs to be inserted into the 
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PM at extrasynaptic sites. Lateral recruitment of GluA1 to the synapse (Esteban et 
al., 2003; Makino and Malinow, 2009; Oh et al., 2006) then occurs during LTP. 
 
(iii), As a result of glutamate receptor activation, STIM2 regulates 
phosphorylation of CREB, which turns on a transcriptional program that 
ultimately leads to dendritic spine formation (Benito and Barco, 2010; Kandel, 
2012; Kim et al., 2013b; Purves et al., 2001; Sakamoto et al., 2011).    
  
This working model suggests that STIM2 integrates both Ca
2+
 and cAMP signals 
to regulate activity-dependent synaptic insertion of the AMPAR and spine 





Figure 20. Model for STIM2-dependent regulation of AMPAR phosphorylation 
and trafficking at the interface between the ER and the PM. cAMP elevation and 
decrease in ER Ca
2+
 store resulting from synaptic or other signaling inputs can 
triggers translocation of STIM2 to ER-PM contact sites and contribute to the 
dynamic assembly of a PKA signaling complex that drives phosphorylation of GluA1 





This study has provided a novel mechanism of synaptic remodeling which 
involves functional coupling between the ER and the dendritic PM through 
STIM2 to regulate synapse plasticity. STIM2 has been shown to be crucial for 
forming a STIM2 dependent complex with AKAP150/PKA/GluA1 and this 
complex is required for PKA dependent phosphorylation of GluA1 S845. 
Through the phosphorylation of GluA1 S845, AMPARs can be inserted into the 
synapse for the maturation of the synapse.  Therefore, this work suggests ER-PM 
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